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Introduction 

1. Out of the blue: The evolutionary journey of terrestrial plants 

Despite the high diversity in the plant kingdom, all terrestrial plant life, whether trees, flowers, 

grasses, ferns, succulents or mosses, have a common origin hundreds of million years ago  

(Morris et al. 2018). It is believed that in the mid-Cambrian to the early Ordovician period (513 

to 485 million years ago (mya)), embryophytes made their appearance on land (Kenrick and 

Crane 1997). During the early Silurian era (443 to 423 mya), primary lineages of land plants 

had already undergone divergence and became integral to the early cryptogamic ground cover 

(Edwards et al., 2015). It is estimated that the occurrence of the living clade of land plants 

happened in the mid-Cambrian to early Ordovician era (541 to 485 mya) (Puttick et al. 2018). 

Vascular plants, forming the extant group, are believed to have evolved within a period 

spanning from the late Ordovician to the Silurian (458 to 419 mya) (Kenrick and Crane 1997). 

Notably, this timeline closely aligns with estimates for the terrestrialization of arthropod 

lineages (Lozano-Fernandez et al. 2016). Discussions on the precursors of modern vascular 

plants and the associated terrestrialization have been a focal point of research. The prevailing 

hypothesis regarding the evolution of land plants was that they originated from a common 

ancestor among the freshwater-dwelling Charophyceae. These Charophyceae possess a 

complex body plan and cellulose cell walls, which are fundamental for the survival of 

embryophytes on land (Becker and Marin 2009). However, recent phylogenomic investigations 

have challenged this assumption and instead classified a member of the Zgnematophyceae as 

the common ancestor of vascular plants (Cheng et al. 2019). Genome sequences from two 

extant members of the Zygnematophyceae, Spirogloea muscicola gen. nov. and Mesotaenium 

endlicherianum, which inhabit the same terrestrial habitat as early embryophytes, reveal that 

genes associated with enhanced resistance to biotic and abiotic stresses, especially related to 

water regulation, emerged or spread in the common ancestor of Zygnematophyceae and 

embryophytes (Doyle 2013). Various transcriptome analyses indicate that the molecular 

toolkit for adapting to terrestrial life evolved in Streptophyta algae (Hori et al. 2014; Mikkelsen 

et al. 2014; Delaux et al. 2015; de Vries and Archibald 2018). These findings were surprising 

and unexpected since representatives of Zygnematophyceae occur as unicellular algae or as 

simple filaments. In contrast, representatives of Charophyceae and Coleochaetophyceae 

exhibit more complex structures, which led them to be considered the closest relatives of 

embryophytes (Graham 1993; Karol et al. 2001). Evolution resulted in pioneer plants such as 
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mosses that were able to colonize nutrient-poor soils. In the further course of evolution, ferns, 

gymnosperms, and angiosperms developed (Kenrick and Crane 1997).  

The colonization of the land required significant structural adaptations. For this, rigid cell walls 

emerged, which are also found in embryophytes, is essential for survival on land (Becker and 

Marin 2009). Water balance also had to be maintained, and so cutin and suberin evolved, 

which are both non-covalently associated with a diverse range of lipids that are commonly 

referred to as waxes. They are the main component of the plant cuticle of terrestrial plants 

and can protect them from uncontrolled water loss to the atmosphere (Kenrick and Crane 

1997; Philippe et al. 2020).  Another component that contributes to this characteristic is lignin, 

which is the most abundant aromatic polymer produced by plants (Dixon and Barros 2019). It 

is a major component of cell walls from plants that underwent secondary thickening but can 

also play a role in defense, e.g., by forming a physical barrier against invasive pathogens or 

herbivores (Dixon and Barros 2019). However, to allow gas exchange with the atmosphere, 

plants have evolved specialized structures, the stomata, which allow the organism to perform 

controlled gas exchange and regulate transpiration. The stomata's opening can be actively 

regulated by the guard cells together with their neighbouring cells, which enables the plant to 

absorb carbon dioxide from the environment and to release photosynthetically produced 

oxygen as well as to maintain a regulated water household by releasing water vapor through 

the stomata. The development of stomata, an essential anatomical feature found in all 

terrestrial vascular plants and embryophytes except liverworts (Pressel et al. 2018; McAdam 

et al. 2021), is likely to reveal significant preservation in fundamental processes (Caine et al. 

2016; Chater et al. 2017). Both groups have conducted research that provides evidence for the 

presence of a shared ancestral origin between Arabidopsis and the moss Physcomitrium 

patens in terms of the core molecular machinery necessary for the initiation and patterning of 

stomata (Caine et al. 2016). This finding is particularly significant in considering the fact that P. 

patens represents a lineage with ancient stomata. Although there is a wide range of stomatal 

structure and function in existing plants, the fossil record provides only limited information 

about the evolution of stomata. According to Edwards et al. (1992), the earliest known plants 

containing stomata from fossil finds can be attributed to Cooksonia, an early vascular plant. 

Noteworthy, the presence of stomata in the gametophytes of early terrestrial plants, as 

indicated by fossil data, shows that they may have existed before the development of current 

bryophyte lineages (Remy et al. 1993). The authors suggest that the origin of stomata may 
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have occurred on the gametophyte and subsequently been adopted by the sporophyte, similar 

to the evolutionary process observed in the development of root hairs from rhizoids (Jones 

and Dolan 2012). While current gametophytes of bryophytes do not possess stomata, certain 

structures such as mucilage clefts and air pores, which are present in hornworts and liverworts, 

have been proposed to exhibit homology with stomata (Zeiger et al. 1987; Villarreal and 

Renzaglia 2006; Rudall et al. 2013; Villarreal and Renzaglia 2015; Shimamura 2016). However, 

according to Ishizaki et al. (2013) and Rudall et al. (2013), research on the liverwort Marchantia 

suggests that the formation of pores is controlled by genes that were not previously associated 

with the differentiation of stomata. This finding implies that air pores and stomata are not 

structurally similar, as indicated by Jones and Dolan (2017). The uncertainty around the 

presence of canonical genes linked to stomatal development in liverworts and hornworts 

persists.  

As a result of evolutionary land colonization of plants, the concentration of carbon dioxide in 

the atmosphere has decreased over time while the concentration of oxygen increased. Unlike 

aquatic organisms, terrestrial plant organisms face the problem of maintaining an internal 

water balance because they are not surrounded by water. To minimize uncontrolled water loss 

while maintaining the ability to actively absorb water, plants have evolved several adaptations. 

One important adaptation is the formation of specialized cells for water and nutrient uptake. 

Rhizoids are hair-like structures found in organisms lacking vascular tissues such as mosses 

(Vogt 2010; Kenrick and Strullu-Derrien 2014). They are capable of absorbing water and 

nutrients from the surrounding environment. In vascular plants, roots are the main organs for 

water absorption (Kenrick and Strullu-Derrien 2014). They are composed of various tissues, 

including rhizodermal cells with root hairs that increase the surface area and facilitate 

absorption of water and nutrients from the soil. Although the gravitational pull of the earth is 

the same everywhere, including within water, plants have had to adapt during evolution in this 

regard because the mechanical load on organisms in air is about 1000 times higher than 

underwater. This is explained by the large difference in density between air and water 

(Volkmann and Baluška 2006). Since water has a higher density than air, objects experience 

more buoyancy under water than in air. The evolution of plant supporting tissue is considered 

to be an adaptation of embryophytes to the stronger mechanical load on land, which allowed 

them to stand and grow upright. Furthermore, adaptations of water transport had to occur, 

and thus vascular tissue evolved. Charophytes do not have vascular tissue, which is important 
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for transporting water and nutrients in embryophytes. However, tracheophytes have evolved 

xylem and phloem tissues to transport water and nutrients. 

The evolutionary divergence led to the present-day dominance of vascular plants, with 

bryophytes as their sister lineage (Puttick et al. 2018). Lycophytes are considered the extant 

clade with the highest resemblance to early vascular plants based on fossil evidence. They 

were once highly dominant and played a significant role in the biosphere, exerting a substantial 

influence on biodiversity. In the past, lycophytes constituted a productive and abundant 

component of the biosphere, greatly impacting biological diversity and CO2 sequestration 

(Gensel et al. 2001; Beerling and Berner 2005; Kenrick and Strullu-Derrien 2014). As a result, 

lycophytes serve as excellent candidates to shed light on the evolutionary innovations of early 

vascular plants and offer insights into the preservation, convergence, and divergence of 

developmental processes during the diversification of the plant kingdom. 

These evolutionary innovations were equally an important step in adaptation to life on land 

(Kenrick and Crane 1997). Living on land also means being exposed to higher levels of solar 

and therefore UV radiation. This penetrates the water but is absorbed and thus attenuated 

with increasing depth. The higher irradiance on land thus increases the risk of UV damage. In 

plants, UV can damage the photosynthetic apparatus and lead to DNA damage (de Vries and 

Archibald 2018). Throughout evolution, plant organisms have established various methods to 

cope with this increased radiation intensity. For example, morphological adaptations may take 

place, such as a reduction in the size of photosynthetically active organs or the formation of 

densely packed hairs on the surface to minimize or attenuate incoming radiation (Bai 2017). 

Other adaptations include the production of protective pigments, such as carotenoids (Zur et 

al. 2000), which are responsible mainly for the absorption of visible light, and flavonoids, that 

can absorb incoming UV radiation, thereby protecting the cells below (Ferreyra et al. 2021). 

Carotenoids also have an important function in photosynthesis by absorbing light energy in 

different regions of the spectrum that cannot be efficiently absorbed by chlorophyll. This 

absorbed energy is then transferred to chlorophyll to aid in photosynthesis (Zur et al. 2000).  

 

 

 

 

 



 

 5 

2. Adapting arsenal: The evolutionary rise of specialized plant metabolites 

During evolution, embryophytes developed not only morphological adaptations to their 

environment, but also complex chemical metabolic pathways apart from primary metabolism.  

Primary metabolites like amino acids, fatty acids, cytochromes, and chlorophylls have distinct 

functions in protein formation, photosynthesis, lipid synthesis or respiration and are essential 

for plant survival. The pathways constituting the primary metabolism exhibit a remarkable 

degree of conservation across diverse living organisms. The integrity of these pathways can be 

influenced by modifications, especially in organisms that reside in environments characterized 

by extreme conditions (Wink 2010). Plant metabolites that don’t contribute to the primary 

metabolism are classified as secondary metabolites or specialized metabolites and are derived 

from different pathways, that include a variety of biochemical reactions and result in the 

production of compounds not required for basic plant growth and survival at normal 

conditions, but still serve important functions for the plants’ survival (Winkel-Shirley 2001; 

Weng 2014). Therefore, it is appropriate to describe this as specialized rather than secondary 

metabolism, as the term "secondary" implies a lower level of importance or significance. 

However, it is evident that in certain environments, it is imperative for plants to possess the 

capability to adapt to external stressors for the purpose of securing their survival. 

Specialized pathways can contribute to the organism’s fitness in its ecological niche and are 

often distributed taxonomically (Weng 2014). The ability to produce certain chemicals as 

strategies to adapt to challenging terrestrial environments exemplifies the significance of 

specialized metabolism (Weng et al. 2012). Compounds classified as specialized metabolites 

are for example alkaloids, isoprenoids, or phenolic compounds.  They can help the plant, for 

example, as protection against predators (e.g., mustard oil glycosides or cyanogenic glycosides 

or alkaloids), to attract potential pollinators by smell (terpenes) or color (anthocyanins), or to 

defend against pathogens (phytoalexin production in case of infection by microorganisms) 

(Heldt and Piechulla 2015). Depending on the substance class, plant specialized metabolites 

are synthesized by the plant in various metabolic pathways, which are generally summarized 

as specialized metabolism. Well-known metabolic pathways include the alkaloid metabolism, 

which leads to the synthesis of well-known and economically important substances such as 

caffeine, morphine, or nicotine. Another example is the terpenoid metabolism, which is used 

to synthesize essential oils, resins, or steroids, for example. Another important metabolic 

pathway in the context of specialized metabolism is the phenylpropanoid pathway which 
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produces phenolic compounds. This pathway is branching out to other metabolic pathways 

and is widely distributed in plants and synthesizes a wide range of chemical compounds (Vogt 

2010). It plays a crucial role in the production of substances such as flavonoids, lignin, tannins, 

and phenolic acids. These compounds serve various functions, including protection against UV 

radiation, oxidative damage, and pathogens, but also as pigments, fragrances, and signaling 

agents. The phenylpropanoid pathway begins with the conversion of the amino acid 

phenylalanine to t-cinnamic acid by the enzyme phenylalanine ammonia-lyase (PAL) (Vogt 

2010). t-Cinnamic acid undergoes conversion to 4-coumaric acid through the catalytic action 

of the enzyme cinnamic acid 4-hydroxylase (C4H). Subsequently, hydroxycinnamate:CoA ligase 

(4CL) mediates the condensation of 4-coumaric acid with coenzyme A, resulting in the 

formation of 4-coumaroyl-CoA (Vogt 2010). From there, 4-coumaroyl-CoA can be converted to 

various compounds depending on the specific needs of the plant and environmental 

conditions, as shown on the left side of Figure 2 (Dixon and Paiva 1995; Vogt 2010). These 

reactions are catalyzed by a variety of enzymes, including hydroxylases, reductases, 

methyltransferases, and glycosyltransferases (Vogt 2010). The products of the 

phenylpropanoid pathway have multiple functions in plants. For example, lignin, a complex 

polymer, plays an essential role in strengthening plant cell walls and supporting tissues (Vogt 

2010). Flavonoids, a diverse group of specialized metabolites, play important roles in plants as 

they, for example, can absorb radiation and exhibit protective properties against harmful 

radiation (Winkel-Shirley 2001). Hydroxycinnamic acids and derivatives thereof, such as 

amides and esters are also compounds derived from the phenylpropanoid pathway that can 

have various physiological effects, e.g., antioxidant, anti-inflammatory, anti-microbial etc. 

(Taofiq et al. 2017). 

 

a. Lignin 

Lignin is a complex polymer consisting of monolignol units derived from 4-coumaryl alcohol, 

coniferyl alcohol, and sinapyl alcohol, which are interconnected in varying proportions 

depending on the specific plant species (Figure 1). These monolignol units are classified into 

three main types: H-units (4-hydroxyphenyl units derived from 4-coumaryl alcohol), G-units 

(guaiacyl units derived from coniferyl alcohol), and S-units (syringyl units derived from sinapyl 

alcohol). The relative abundance of these units contributes to the structural diversity of lignin. 

It should be noted that lignin can also contain alternative aromatic monomers, expanding its 
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chemical composition beyond the traditional monolignols (Vanholme et al. 2019). In addition 

to the traditional monolignol units, lignin can incorporate other monomers such as benzenoids 

and hydroxyarylpropanols, which can serve as chain initiators. The inclusion of caffeyl alcohol, 

coniferyl alcohol, and hydroxycinnamaldehydes in the lignin structure results in a lignin with 

enhanced hydrophobic properties compared to the predominantly observed 8-O-4 

crosslinking of the individual monomers (Vanholme et al. 2019). The integration of ferulic acid 

and its esters into lignin leads to branching of the polymer, facilitating the covalent bonding of 

two lignin polymers (Ralph et al. 2008; Wilkerson et al. 2014). The branching contributes to a 

decrease in the polymer’s flexibility. 

 

 

Figure 1: Monolignols - the building blocks for lignin with                       

4-hydroxyphenyl unit (H); guaiacyl unit (G) and syringyl unit (S). 

 
b. Flavonoids and anthocyanins 

Flavonoids and anthocyanins are colored compounds that can serve as pigments for flowers 

and fruits and act as protection against UV radiation and attractant for pollinators (Winkel-

Shirley 2001). They can absorb UV light and their production increases after UV exposure 

(Ferreyra et al. 2021). Furthermore, it is assumed that flavonoids have protective activities 

against exposure to UV radiation. Some flavonoids also absorb wavelength of the visible light 

spectrum e.g., anthocyanins which exhibit protective effects against high light exposure. 

Studies have shown that red leafed plants of Prunus cerasifera exhibit higher photosynthesis 

during high light exposure (Lo Piccolo et al. 2020). Anthocyanin levels have been linked to 

photoprotection in young leaves of Castanopsis chinensis and Acmena acuminatissima (Yu et 

al. 2021). Additionally, flavonoids possess antioxidant properties and can scavenge reactive 

oxygen species (ROS) generated by high UV exposure (Lo Piccolo et al. 2020). 

Phenolic acids have antioxidant properties and may be involved in defense against pathogens 

(Dixon and Paiva 1995). 
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c. Tannins 

Tannins are secondary metabolites often found in leaves, bark, and fruits that can serve as 

protection against herbivores and microorganisms (Winkel-Shirley 2001).  They are secondary 

metabolites accumulating primarily in response to various abiotic stresses and possess 

antioxidant activities and the ability to absorb UV-B radiation (Espinosa-Leal et al. 2022). There 

are two types of tannins: condensed tannins and hydrolysable tannins (Katerova et al. 2017). 

Condensed tannins are formed via condensation of flavans and do not contain sugar residues. 

They are found predominantly in vascular plants (Bernays et al. 1989). In contrast, hydrolysable 

tannins possess a sugar and phenolic residue, are less stable, and exhibit toxicity. Hydrolysable 

tannins are restricted to dicots (Bernays et al. 1989). 

Tannins accumulate mainly in the bark, roots, and leaves of plants, and occasionally in 

reproductive tissues. Condensed tannins located in the epidermis demonstrate UV protective 

functions and antioxidant activity (Close and McArthur 2002). Studies have shown that UV-B 

exposure induces the biosynthesis of condensed tannins in hybrid poplar (Mellway et al. 2009). 

Similarly, experiments with Withania somnifera leaf and root extracts exhibited elevated 

tannin content after UV-B stress (Takshak and Agrawal 2015). However, research on Eclipta 

alba revealed a significant decrease in tannins under UV-B exposure (Rai and Bhushan Agrawal 

2021). These conflicting results suggest that only certain plant species may be capable of 

increasing their tannin content at higher UV-B levels (Caldwell and Flint 1997). 

 

3. Rosmarinic acid 

Rosmarinic acid (RA) consists of caffeic acid and 3,4-dihydroxyphenyllactic acid connected by 

an ester bond. It was first isolated and characterized from rosemary (Rosmarinus officinalis) by 

two Italian chemists in 1958 (Scarpati and Oriente 1958). It is found in numerous plant families, 

especially in the Boraginaceae (Bandoniene et al. 2005) and the Nepetoideae subfamily of the 

Lamiaceae (Litvinenko et al. 1975). However, it is also found in earlier diverged plants such as 

hornworts and ferns (Ravn et al. 1994). There are several interesting biological effects of RA. It 

possesses antiviral, antibacterial, and anti-inflammatory properties, in addition to antioxidant 

properties. It may help in protecting the plant against pathogens and herbivores (Parnham and 

Kesselring 1985). RA also contributes to the antioxidant activity of cosmetic industry-relevant 

plants (Amelio 1999). Moreover, it has been shown that RA exhibits UV-protective properties 

by absorbing and filtering detrimental UV radiation (Sánchez-Campillo et al. 2009), thereby 
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protecting plant tissues from potential harm due to excessive exposure to UV-A and UV-B 

wavelengths. By acting as a protective shield, RA mitigates the deleterious effects of UV 

radiation, including oxidative stress and DNA damage. The presence of RA in plants plays a 

significant role in supporting their defense mechanisms against environmental stressors. 

In 1970, Ellis and Towers initiated the investigation of the biosynthetic pathway of rosmarinic 

acid in Mentha species, specifically Mentha arvense and Mentha x piperita from the Lamiaceae 

family. Through feeding experiments utilizing radioactively labeled amino acids, it was 

demonstrated that the caffeic acid portion arises from L-phenylalanine, while L-tyrosine serves 

as the precursor for 3,4-dihydroxyphenyllactic acid. Subsequently, in 1977, reports emerged 

regarding rosmarinic acid accumulation in suspension cultures of Coleus blumei (Razzaque and 

Ellis 1977; Zenk et al. 1977). Notably, in 1993, the research group led by Petersen succeeded 

in elucidating the complete biosynthetic pathway of rosmarinic acid in Coleus blumei. The 

enzymes involved in the biosynthesis of rosmarinic acid have been unraveled in suspension 

cultures of Anchusa officinalis (Boraginaceae) (De-Eknamkul and Ellis 1987) and Coleus blumei 

(Lamiaceae) (Petersen et al. 1993; Petersen 1997). It involves a total of seven or eight enzymes 

and starts with the precursors L-phenylalanine and L-tyrosine (Petersen and Simmonds 2002). 

 

d. From phenylalanine and tyrosine to rosmarinic acid: The biosynthetic route 

Both starting molecules, L-phenylalanine and L-tyrosine, are derived from the shikimate 

pathway.  In the beginning L-phenylalanine is deaminated by phenylalanine ammonia-lyase 

(PAL) resulting in t-cinnamic acid (Figure 2). This is hydroxylated by cinnamic acid 4-hydroxylase 

(C4H) to 4-coumaric acid, which is then converted into 4-coumaroyl-CoA by hydroxycinnamic 

acid CoA-ligase (4CL). Simultaneously the other precursor L-tyrosine is converted to 

4-hydroxyphenylpyruvate by tyrosine aminotransferase (TAT). The enzyme 

hydroxyphenylpyruvate reductase (HPPR) catalyzes the reduction of 4-hydroxyphenylpyruvate 

to 4-hydroxyphenyllactate. Rosmarinic acid synthase (RAS) generates 4-coumaroyl-4'-

hydroxyphenyllactate from 4-coumaroyl-CoA and 4-hydroxyphenyllactate. Cytochrome P450 

monooxygenase activities hydroxylate this molecule at positions 3 and 3' of the aromatic rings 

resulting in rosmarinic acid. 
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Figure 2: Biosynthetic pathway of rosmarinic acid in Plectranthus scutellarioides according to Petersen et al. 

(1993). PAL = phenylalanine ammonia-lyase; C4H = cinnamic acid 4-hydroxylase; 4CL = hydroxycinnamate CoA-

ligase; TAT = tyrosine aminotransferase; HPPR = hydroxyphenylpyruvate reductase; RAS = rosmarinic acid 

synthase; 3-H / 3'-H = 3-hydroxylase / 3'-hydroxylase; dashed arrows represent further pathways of specialized 

plant metabolism. 
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4. A superfamily of metabolite modifiers: The abundant family of BAHD acyltransferases 

The plant kingdom contains a vast array of plant metabolites, which are produced through only 

a limited number of major pathways (Pichersky and Gang 2000). Enzymatic modifications such 

as decarboxylation, oxidation and reduction, hydroxylation, glycosylation, methylation, and 

acylation contribute to the remarkable diversity of these compounds (Pichersky et al. 2006). 

The formation of esters and amides by acylation of molecules containing hydroxyl (-OH) or 

amine groups (-NH2) groups is one of the most common types of modifications observed in 

the plant kingdom. Acyl moieties required for these modifications can be derived from acyl-

sugars or acyl-CoA thioesters. The enzymes catalyzing acyl transfer are frequently members of 

extensive protein families (D’Auria and Gershenzon 2005). In recent years, a significant and 

continuous increase in acyltransferases has been found that utilize CoA-activated acids (St-

Pierre and De Luca 2000; D’Auria 2006; Petersen 2016). Biochemical investigations as well as 

genome and expressed sequence tag (EST) sequencing has led to the discovery of a large family 

of acyltransferases named BAHD acyltransferases which contribute to the formation of diverse 

plant metabolites (St-Pierre and De Luca 2000). The BAHD family has been widely 

acknowledged as one of the most expansive and versatile enzyme families in the plant 

kingdom (D’Auria 2006; Bontpart et al. 2015; Moghe et al. 2023; Kruse et al. 2023). These 

acyltransferases, including those involved in acetyl, malonyl, hydroxycinnamoyl, tigloyl, 

benzoyl, or β-phenylalanyl transfer reactions, play crucial roles in plant metabolism. The 

molecular mass of most BAHD acyltransferases lies within the range of 48 to 55 kDa. The 

nomenclature of the BAHD family is derived from the first four enzymes discovered within this 

family: BEAT - benzylalcohol O-acetyltransferase from Clarkia breweri (Dudareva et al. 1998), 

AHCT - anthocyanin O-hydroxycinnamoyltransferase from Gentiana triflora (Fujiwara et al. 

1998), HCBT - anthranilate N-hydroxycinnamoyl/benzoyltransferase from Dianthus 

caryophyllus (Yang et al. 1997), and DAT - deacetylvindoline 4-O-acetyltransferase from 

Catharanthus roseus (St-Pierre et al. 1998). These enzymes typically function as monomers 

and exhibit two conserved sequence motifs: HxxxD(G), with histidine playing a role in catalysis, 

and DFGWG, located in the C-terminal part (St-Pierre et al. 1998). They facilitate the process 

of acylation by utilizing acyl-CoA donors and acceptors that possess hydroxyl or amino groups. 

The acyl chains that are transferred can include both, aromatic groups, such as benzoyl and 

coumaroyl, as well as aliphatic chains with 2 to 12 carbon atoms. These chains can vary in 

terms of saturation and branching (D'Auria, 2006; Bontpart et al., 2015; Kruse et al., 2022; 
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Moghe et al., 2023). Members of the BAHD family are engaged in various metabolic pathways, 

encompassing biosynthesis of lignin, cuticular waxes, anthocyanins, flavonoids, defense 

compounds against herbivores, polyamines, volatile terpenes, aromatics, and numerous 

others (D’Auria 2006; Bontpart et al. 2015; Moghe et al. 2023; Kruse et al. 2023). Therefore, 

BAHD enzymes are significant in promoting the adaptation of plants to terrestrial 

environments, as well as mitigating abiotic stresses and mediating biotic interactions.   

Enzymes of the BAHD family are involved in a diverse array of chemical modifications, resulting 

in the creation of distinct structural frameworks, such as the transfer of acyl groups onto 

monolignols or acyl sugars, as well as modified physicochemical characteristics, e.g., in 

aromatic esters and acylated anthocyanins (D’Auria 2006; Bontpart et al. 2015; Moghe et al. 

2023; Kruse et al. 2023). It is worth mentioning that BAHDs demonstrate a significant similarity 

to alcohol acyltransferases that are present in fungal species, as stated by Moghe et al. (2023). 

The catalytic activity exhibited by BAHDs have been categorized into distinct substrate classes, 

encompassing aromatic alcohols, aliphatic alcohols, aromatic amines, aliphatic amines, 

terpenoids, flavonoids, anthocyanins, phenolic glucosides, sugar derivatives, and alkaloids. 

Various clades have been linked to these roles, as determined through phylogenetic analyses 

(Kruse et al. 2023). Members of the BAHD family can be classified into eight clades (Figure 3). 

Among them, seven clades (clades 1-7) are observed in all land plants, while clade 0 is entirely 

restricted to algae (Moghe et al. 2023; Kruse et al. 2023). The majority of clades are 

predominantly composed of enzymes that are specialized for distinct substrate classes, such 

as aromatic or aliphatic alcohols, anthocyanins, and flavonoids. However, certain clades exhibit 

a greater degree of diversity among their members, leading to further subdivision into 

subclades based on their specific functions (Moghe et al. 2023; Kruse et al. 2023). Prior 

research has demonstrated significant functional variation across BAHDs, both within and 

between species and populations, indicating substantial diversification within the BAHD family 

in terrestrial plants (Kim et al. 2012; Schilmiller et al. 2015; Fan et al. 2016, 2017; Landis et al. 

2021). The proliferation of BAHDs in terrestrial plants has surpassed the rise in genomic gene 

content via iterative duplications (Kruse et al. 2023). This expansion has been linked to 

alterations in gene and protein architecture. According to Kruse et al. (2023), the number of 

BAHDs in algal genomes has experienced an increase from 1-5 copies to a significantly higher 

range of dozens to hundreds of copies in diploid plant genomes. It is worth noting that there 

have been reported differences in the number of introns among various organisms. For 



 

 13 

instance, chlorophyte BAHDs have been found to possess several introns, while non-seed plant 

BAHDs often exhibit a single intron. On the other hand, most of the seed plant BAHDs seem to 

have zero to one intron (Kruse et al. 2023). According to Kruse et al. (2023), it has been 

observed that the coding sequence length of algal BAHDs tends to be longer, which implies the 

possibility of distinct regulatory functions when compared to angiosperm BAHDs. The 

comparison of algal BAHDs with biochemically described BAHDs from land plants shows that 

some algal BAHD sequences, such as those derived from Chlamydomonas reinhardtii, Chara 

braunii, and Micromonas pusilla, possess supplementary sequence sections that are absent in 

land plant BAHDs (Kruse et al. 2023). This observation suggests that algal BAHDs may possess 

distinct roles and regulatory functions in comparison to their angiosperm counterparts.  

Furthermore, it is worth noting that BAHDs (benzylalcohol acetyltransferase/hydroxy-

cinnamoyl-CoA:shikimate/quinate hydroxycinnamoyltransferase) of C. braunii have not yet  

characterized, and their specific functions remain unknown. However, they exhibit notable 

dissimilarities when compared to BAHDs found in terrestrial plants based on sequence analysis 

(Kruse et al. 2023). This difference leads to the formation of a separate clade, previously 

referred to as clade 0, as shown by Kruse et al. (2023), which is composed solely of enzymes 

derived from algae. Clade 1 primarily participates in the process of acylating anthocyanins and 

flavonoids. It has exclusively been observed in the genomes of seed plants, which aligns with 

the development of the anthocyanin biosynthesis pathway in seed plants, particularly 

angiosperms. In these plants, BAHDs play a crucial role in catalyzing the final steps of 

decoration (Piatkowski et al. 2020). Most of them are involved in 

anthocyanin/flavonoid/phenolic glucoside acylation and they cluster closely with enzymes 

involved in metabolism of salicylic acid and aliphatic alcohols. Clade 2 is linked to the process 

of wax production and is uniquely observed in angiosperms. According to work conducted by 

Negruk et al. (1996), the production of epicuticular waxes involves a limited number of 

described members, specifically three. These are Eceriferum in A. thaliana (AtCER2) involved 

in very long chain fatty acid elongation (Negruk et al. 1996), Glossy 2 (ZmGlossy2) and 

ZmGlossy-like in Z. mays, which are also involved in the biosynthesis of epicuticular waxes 

(Moghe et al. 2023). Clade 3 includes enzymes that account for a diverse range of functions. 

Acyl sugar acyltransferases (ASATs), a well-studied acyltransferase group restricted to the 

Solanaceae plant family falls into this clade. Furthermore, enzymes catalyzing the acylation of 

flavonoids and alkaloids are classified into clade 3 as well as enzymes involved in acylation of 
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aliphatic alcohols, terpenes, anthocyanin glycosides and aliphatic amines. This clade is 

specifically restricted to dicotyledonous plants and the lack of presence in genomes of other 

plant classes indicates that it is predominantly an invention exclusive to dicots. Clade 4, which 

is associated with the acylation of amines, has exhibited a greater presence in monocot grasses 

in comparison to the dicot species that went under investigation. Agmatine 

coumaroyltransferases in Hordeum vulgare (HVACT), Oryza sativa (OSAHT1) and Triticum 

aestivum (TaACT1) and putrescine hydroxycinnamoyltransferases in Nicotiana attenuata 

(NaAT1), Oryza sativa (OsPHT1-4), 

and Solanum lycopersicum (SIACT1) 

utilize acceptors like agmatine, 

putrescine, spermine and 

spermidine, and donors such as 

4-coumaroyl-, caffeoyl-, feruloyl- 

and cinnamoyl-CoA (Kruse et al. 

2023). This expansion may 

potentially be attributed to the 

elevated occurrence of 

phenolamides (specifically 

hydroxycinnamic acid amides) in 

grasses, as indicated by previous studies conducted by Peng et al. (2016) and Roumani et al. 

(2021). Clades 5 and 6, which participate in the process of acylating aromatic alcohols (such as 

those found in phenylpropanoid biosynthesis) and aliphatic alcohols/terpenes, are universally 

found in every terrestrial plant lineage, including liverworts, mosses, hornworts, and ferns. 

Clade 5 consists of hydroxycinnamoyl-CoA:shikimate hydroxycinnamoyltransferase (HST) 

and/or hydroxycinnamoyl-CoA:quinate hydroxycinnamoyltransferase (HQT), which are crucial 

for phenylpropanoid biosynthesis as they generate intermediate compounds that are further 

processed in different branches of the pathway and contribute to the synthesis of a variety of 

secondary metabolites such as lignins, flavonoids and chlorogenic acid. Clade 6 can be divided 

into two sub clades. One consists of acyltransferases in Marchantia emarginata (ω-

hydroxyacid/fatty alcohol hydroxycinnamoyltransferase - MeHFT) and feruloyltransferase 

(MpFHT) in Marchantia polymorpha. Both are involved in the biosynthesis of cutin monomers 

(Wang et al. 2017). The second subclade is found in gymnosperms and consists of enzymes 

Figure 3: Presentation of the occurrence or absence of BAHD 

clades in different plant lineages according to Moghe et al. 

(2023) 
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involved in acylation of paclitaxel pathway intermediates. Clade 7 encompasses coniferyl 

alcohol acetyltransferases, enzymes that have a role in the acetylation process of several 

aromatic alcohols such as benzyl, coniferyl, and cinnamyl alcohol, as well as aliphatic alcohols, 

phenylpropenes, and terpenes like geraniol (Moghe et al. 2023). Coniferyl alcohol 

acetyltransferases from Petunia x hybrida (PhCFAT1) and Ocimum basilicum (ObCAAT2) are 

enzymes classified in clade 7. Enzymes of the BAHD family that have been characterized to 

date are classified into eight distinct clades (0-7). However, it is probable that there are more 

clades that have not been identified, particularly in non-seed plants. These undefined clades 

are likely a consequence of lineage-specific duplications and limited investigations into BAHDs 

within these clades (Moghe et al. 2023; Kruse et al. 2023).  

The biosynthesis of RA, an ester of caffeic acid and 3,4-dihydroxyphenyllactic acid, involves the 

BAHD hydroxycinnamoyltransferase (HCT) named rosmarinic acid synthase (RAS) in plants like 

Plectranthus scutellarioides (Petersen et al. 1993; Petersen 1997; Berger et al. 2006), Melissa 

officinalis (Weitzel and Petersen 2010), Glechoma hederacea (Döring and Petersen 2014), and 

Lavandula angustifolia (Landmann et al. 2011). It is interesting to note that RAS from the 

Boraginaceae plant species Phacelia campanularia demonstrates a higher degree of similarity 

to spermidine HCTs as indicated by Levsh et al. (2019). This finding suggests that RAS genes 

may have undergone divergent evolutionary processes and potentially originated from 

different sources. 

Additionally, HCTs have been shown to be involved in the formation of suberin compounds in 

wounded potato tubers (Lotfy et al. 1994, 1996; Negrel and Lotfy 1995) or the accumulation 

of phaselic acid (an ester of caffeate and malate) in Trifolium pratense (Sullivan 2009; Sullivan 

and Zarnowski 2011). Cell-free extracts from Arachis glabrata have also been shown to have 

activity of a hydroxycinnamoyl-CoA:tartaric acid HCT (Sullivan 2014), which transfer 4-

coumaroyl, caffeoyl, and feruloyl moieties from coenzyme A to L-tartaric acid.  
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5. Small but mighty: The impressive natural products of Bryophytes 

With over 2,200 identified chemical components, bryophytes are reservoirs of bioactive 

compounds with potential pharmaceutical and ecological applications (Sabovljević et al. 

2016). Terpenoids, flavonoids, bibenzyls, and lipids are some of the most prominent chemical 

constituents found in bryophytes (Sabovljević et al. 2016). Terpenoids have garnered a great 

deal of fascination due to their diverse functions. Diterpenoids including ent-kaurene and its 

derivatives have been identified in Physcomitrium patens, where they play crucial roles in 

protonemal differentiation and spore development (Hayashi et al. 2010; Vesty et al. 2016; 

Chen et al. 2018). Terpenoids are also known to play a role in physiological regulation, such as 

enhancing drought tolerance by modifying the cytoplasmic osmotic potential (Chen et al. 

2018). Significant diversity of terpenoids is present in bryophytes. In liverworts, more than 

1,600 terpenoids, including mono-, sesqui-, and diterpenes, have been identified. Similarly, 

approximately one hundred sesquiterpenoids and a handful of mono- and diterpenoids have 

been identified in mosses (Ludwiczuk and Asakawa 2019). Terpenoids extracted from 

liverworts and mosses exhibit allelopathic effects, influencing the growth and development of 

adjacent plants (Whitehead et al. 2018). For example, momilactone B, a diterpenoid 

phytoalexin found in the moss Hypnum plumaeforme, possesses allelopathic properties 

against angiosperms, mosses, and liverworts (Nozaki et al. 2007).  

Despite the paucity of flavonoids in hornworts, Anthoceros agrestis, a hornwort species, has 

been found to contain derivatives of cinnamic acid, a crucial intermediate in flavonoid and 

phenylpropanoid biosynthesis (Soriano et al. 2018; Wohl and Petersen 2020). This discovery 

illustrates that although hornworts, liverworts and broadleaf mosses may have different 

chemical compositions, they share common secondary metabolites such as cinnamic acid 

derivatives. In conclusion, the chemical diversity of bryophytes, with an emphasis on 

terpenoids and flavonoids, highlights the potential of these plants as sources of bioactive 

compounds with a variety of applications. Different bryophyte groups have distinct chemical 

profiles that highlight their ecological functions and contributions to the natural world.  

Natural compounds found in a representative of hornworts (Anthoceros agrestis) are listed 

under “7. Organisms of interest”. 
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6. Morphing to survive: Plant adaptations to environmental pressures 

a. Abiotic and biotic stress 

Within the network of plant life, an array of environmental stressors plays an important role 

in influencing the processes of growth and development (Agronomia et al. 2019). The 

term “stress” covers a wide range of harmful environmental conditions that present significant 

challenges to the maintenance of homeostasis in plants. These stressors impact important 

physiological processes and result in different effects, including decreased photosynthesis, 

changes in gene expression, and disturbances in hormone regulation. The stressors that plants 

encounter can be classified into two categories: biotic and abiotic stress (Gull et al. 2019). 

These stressors differ in their origin and characteristics, but they both require plants to possess 

resilience in order to survive and adapt. Biotic stress is defined as challenges originating from 

living organisms, including but not limited to pathogenic agents such as fungi, bacteria, 

oomycetes, nematodes, and herbivorous species (Gull et al. 2019). These interactions result in 

a dynamic interplay in which plants utilize various mechanisms to defend themselves against 

their attackers. One common strategy involves changes in gene expression promoting the 

development of tolerance against the encountered stress. Complex signaling pathways act as 

essential routes, connecting the disparity between the perception of the environment and 

resulting physiological and biochemical responses.  

Abiotic stress refers to challenges that result from non-living sources (Zhu 2002; Verma et al. 

2013). This includes several factors such as radiation, salinity, floods, drought, 

extreme temperatures, and heavy metals. This category of stressors induces an increased 

generation of reactive oxygen species, hence presenting a potential risk to cells and their 

components (Gull et al. 2019). However, plants demonstrate their remarkable ability to adapt 

by employing several methods, including the production of osmoprotectants, modifications in 

root structure, and changes in gene expression patterns (Fraire-Velazquez and Emmanuel 

2013). A major stressor in plants, reactive oxygen species (ROS), can undergo detoxification in 

plants through various mechanisms, categorized as enzymatic and non-enzymatic 

detoxification pathways. Enzymatic scavenging can be achieved with superoxide dismutase, 

catalase, ascorbate peroxidase, glutathione peroxidase, peroxiredoxins. These enzymes 

facilitate the transformation of reactive oxygen species by either catalyzing their 

decomposition into non-reactive molecules or facilitating their conversion into less reactive 

forms (Karuppanapandian et al. 2011 and literature cited within). Non-enzymatic pathways 
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employ a repertoire of antioxidants to effectively scavenge reactive oxygen species (ROS) and 

avert their intracellular buildup in plants. Prominent examples encompass ascorbic acid, 

glutathione, tocopherols, carotenoids, and flavonoids. These non-enzymatic antioxidants act 

in concert with their enzymatic counterparts, synergistically orchestrating redox homeostasis 

in plant cells and bolstering resilience against oxidative damage elicited by ROS 

(Karuppanapandian et al. 2011 and literature cited within). 

Given the increasing challenges of climate change, it is crucial to understand the responses of 

plants to various stressors. In addition to its physiological implications, these insights offer an 

opportunity to enhance crop resilience, which is crucial within the context of climate change. 

The defense mechanisms exhibited by plants include a variety of methods, e.g. polyamines 

emerging as a significant factor. These suitable solutes possess notable efficacy in mitigating 

extreme environmental stress and demonstrate the ability to reorganize the cellular 

environment in response to such stressors. Polyamines, along with modifications induced by 

stress, reveal significant insights regarding their potential functions. The application of 

exogenous polyamines shows potential as a strategy for reducing the effects of stress, while 

the use of inhibitors that target polyamine production increases the sensitivity of plants to 

stress (He et al. 2002; Navakoudis et al. 2003). It is worth noting that mutants showing a defect 

in polyamine production, e.g. a knockout mutant of Arabidopsis thaliana, display an increased 

susceptibility to stress, hence emphasizing the importance of these compounds (Kaur-

Sawhney et al. 2003). Polyamine metabolism is not limited to abiotic stress, but also plays an 

important part in responding to biotic challenges, including those caused by fungal, viral 

pathogens, and mycorrhizae.  

In addition to the previous mentioned strategies, plants employ various other mechanisms to 

cope with environmental stresses. One mechanism involves the production of 

osmoprotectants, such as proline and glycine betaine, which serve to maintain cell turgor and 

protect against dehydration-induced damage (Gull et al. 2019a). Another strategy involves the 

synthesis of antioxidants playing a crucial role in scavenging reactive oxygen species (ROS) and 

minimizing oxidative stress (Gull et al. 2019a). When confronted with drought stress, plants 

activate stress-responsive genes, with 299 such genes being identified in Arabidopsis (Seki et 

al. 2002). Similarly, heat stress triggers the expression of genes encoding heat shock proteins, 

transcription factors, and other stress-related proteins to mitigate the detrimental effects of 

elevated temperatures (Qin et al. 2008). In the context of abiotic stress, plants employ effector-
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triggered immunity (ETI) as a defense mechanism, wherein intracellular receptors recognize 

specific molecules introduced by pathogens, subsequently triggering a response to resist 

infection (McDowell and Dangl 2000). This response often involves an oxidative burst 

characterized by rapid ROS production, leading to a hypersensitive response and programmed 

cell death (Sato et al. 2010). 

Plants have a variety of morphological adaptations in order to optimize their survival and 

performance in response to environmental difficulties. One instance of an adaptation is the 

development of adventitious roots in response to flooding, which develop from stem tissues 

(Jia et al. 2021). In addition, shoot elongation ensures the location of leaves and shoots above 

water levels during periods of partial submergence. Another noteworthy response to stress 

involves the development of specialized tissues, such as small roots in addition to lateral roots 

to increase surface area for water uptake, a rhizodermis with thickened outer cell walls, or 

alternatively for plants that undergo secondary growth, an exodermis that is suberized to 

compensate water loss during drought conditions (Basu et al. 2016). Furthermore, it has been 

documented that an increase of stomatal and cuticular resistance reduces water loss and 

alleviates the negative effects of drought stress (Farooq et al. 2012). Trichomes, which serve 

as physical barriers to reduce water loss and heat stress, have also been acknowledged as key 

adaptive structures. The complex functions of trichomes involve the reduction of solar heat 

absorption by increasing the reflection of sunlight (Kaur and Kariyat 2020), the enhancement 

of frost tolerance through an increase in the density of glandular trichomes (Prozherina et al. 

2003), and the regulation of photosynthesis by mitigating photoinhibition (Hauser 2014). In 

addition, trichomes possess defensive characteristics which help to protect plants from 

herbivores. An increased density of non-glandular trichomes has been found to be associated 

with an enhanced defense mechanism against herbivorous attacks (Shanower, 2008). On the 

other hand, glandular trichomes are notable for their ability to produce defense compounds, 

which can make up a substantial proportion of the plant's dry leaf mass. These 

compounds come from a variety of classes including alkaloids, glucosinolates, cyanogenic 

glycosides, terpenoids, and protein inhibitors (Glas et al. 2012; Tissier 2012; Kaur and Kariyat 

2020) and highlight the complex and varied methods used by plants to adapt morphologically 

and physiologically to stressful environments. 

Within the bigger picture of plant-environment interactions, the complex interaction between 

stressors, plant reactions, and resilience appears as an intriguing pathway, unveiling many 
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levels of adaptability and survival mechanisms important for the development of the earth's 

plant species.  

 

b. Stress induced phenylpropanoid metabolism 

Within the domain of plant biochemistry, the phenylpropanoid pathway emerges as a crucial 

system for coordinating defensive responses to environmental stressors. A study by Dixon and 

Paiva (1995) reveals the intricate network that governs the metabolic processes of 

phenylpropanoids in response to stress, providing valuable insights into its diverse functions. 

The phenylpropanoid pathway starts with phenylalanine, which acts as the precursor for 

cinnamic acid catalyzed by phenylalanine ammonia-lyase (PAL) (Herrmann 1995). Cinnamic 

acid serves as an important starting point from which various phenylpropanoids are formed 

by a series of hydroxylation, methylation, and reduction processes. Prominent among 

these are 4-coumaric, caffeic, ferulic, and sinapic acids, coumarins, flavonoids, and more 

(Dixon and Paiva 1995; Ye et al. 2023). However, these basic compounds show a preference for 

conjugation rather than cellular accumulation. Often these substances can only accumulate in 

the hydrophilic environment of the cell after conjugation. This conjugation takes place in the 

form of linkage to sugars (such as salicylate-glucose conjugates), incorporation in cell wall 

carbohydrates (such as ferulate esters) or coupling with alcohols or amines (such as sinapate 

esters, chlorogenic acid) (Dixon and Paiva 1995). As the level of complexity increases, the 

phenylpropanoid pathway plays a significant role in the formation of complex polymers, such 

as lignin and suberin, which are essential for maintaining the structural integrity and 

robustness of plants (Lewis and Yamamoto 1990). In addition, phenylpropanoids exhibit a 

remarkable ability to dynamically respond to various challenges. The release of 

phenylpropanoid chemicals is triggered by several factors such as UV, wounding, interactions 

with herbivores or other pathogens (Ramaroson et al. 2022). For example, coumestrol and 

coumarin are noteworthy compounds known for their ability to repel potential herbivores in 

Medicago sativa (Kain and Biggs 1986; Stringlis et al. 2019). The phenylpropanoid array 

also demonstrates a responsive behavior to fluctuations in light intensity. Anthocyanin and 

flavone levels increase in response to increased exposure to visible light (Beggs et al. 1987). It 

has been shown that phytochrome-induced increases in enzymatic activity of phenylalanine 

ammonia-lyase and chalcone isomerase led to an accumulation of the related compounds 

anthocyanin and quercetin in cotyledons of mustard in response to different wavelengths and 
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light intensities (Beggs et al. 1987). These compounds, often associated with pigmentation, 

seem to carry a function that extends beyond aesthetics. The observed increase in activity 

suggests a potential role in regulation, which may contribute to the control of light absorption 

and eventually promote the balance of photosynthetic processes inside the cell.  

Flavonoids, specifically flavones, flavonols, and flavanones, are crucial for male reproductive 

functioning in certain plant species. For instance, in rice, the absence or depletion of these 

flavonoid classes, either individually or in combination, can lead to reduced male fertility and 

seed yield (Wang et al. 2020). This contrasts with findings in Arabidopsis, where the absence 

or deficiency of flavonoids does not impact fertility (Burbulis et al. 1996). This underscores the 

importance of flavonoids in a species-specific manner and emphasizes their significance in the 

reproductive process of rice. 

It is well established that flavonols are required for male fertility in maize (Pollak et al. 1995), 

petunia (Mo et al. 1992; Ylstra et al. 1994), tobacco (Mahajan et al. 2011), and tomato 

(Muhlemann et al. 2018). The diversity in the requirement for flavonoids among different 

species highlights the complex evolutionary adaptations in plant reproductive strategies. 

 

c. Charged chemistry: Influence of electric current on plant growth and metabolite synthesis 

Electricity is a fundamental natural occurrence on earth. Back in 1752 Benjamin Franklin 

demonstrated a connection between lightning and electricity. Since then, its multifaceted 

impact on the earth's environment has been recognized. This electrically charged environment 

is maintained through a complex interplay of geomagnetism, telluric currents, lightning 

discharges, solar irradiance, and the encompassing Van Allen radiation belt (McDonald 1953). 

Telluric current is a natural occurring electric current passing through the earth. According to 

Helman (2013) these currents result from a variety of mechanisms, including lightning, space 

weather, and groundwater motion.  Electric fields, subject to complex fluctuations directed by 

diurnal patterns, seasonal dynamics, upper atmospheric interactions, and cosmic events, 

remain in a perpetual state of change (Wechsler 2015). Within this complexly electrified 

milieu, plants occupy an interesting role as they navigate electric fields permeating both their 

terrestrial surroundings and atmospheric ambiance. Of particular interest is the high electrical 

energy permeating the air enveloping plant ecosystems, an omnipresent exposure 

underscoring the possibility of electric fields exerting substantial influence across the plant’s 

lifecycle (Wechsler 2015). Such electrically charged surroundings hold the promise of 
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significantly shaping various aspects of plant growth and development, resonating the 

observed effects of natural electric fields on physiological processes. Remarkably, experiments 

nullifying the effects of electric fields within Faraday cages offer insights into the plants’ 

inherent dependence on electrical stimulation for optimal growth, flowering, and fruiting 

(Lemström 1904; Wechsler 2015). It has been shown that growth and flowering is inhibited if 

plants are grown within a faraday cage indicating that plant growth and development are 

influenced by natural electric fields. Notably, the exploration of responses from plants to 

electric fields originates back to the 18th century, as early observations hinted at the profound 

potential of electrical currents to augment plant vitality (Hull 1898). The concept of “electro-

culture” emerged when Bertholon proposed this new technology to improve agriculture with 

the use of electricity (Bertholon 1783). The invention of the earth battery by Alexander Bain 

revived the interest for electro-culture by generating electricity with a pair of metal plates 

which are placed above the ground (Bain 1852). The effects of electric fields were further 

demonstrated through growth disparities in relation to anode-cathode proximity (Solly 1846). 

It has been demonstrated that growth rate and yield increased when plants are placed 

between the plates (Stone 1911).  

In the early 20th century, there were challenges in understanding the effects of electricity on 

plant growth despite historical advancements. These challenges eventually led to the 

temporary closure of government initiatives (Wechsler 2015). In recent times, the renaissance 

of electro-culture has unfolded with new applications like low-strength electric currents and 

ionized air treatments, which sparked renewed interest in studying the impact of electric fields 

on plants (Lee and Oh 2023). Experiments that have revealed the effects of electric fields have 

highlighted their ability to promote plant growth, establishing their crucial role in shaping plant 

physiology (Lemström 1904; Blackman and Legg 1924). Significantly, the dynamics of electric 

currents have shown dual implications for plant growth, with the potential to either stimulate 

or weaken growth trajectories (Briggs et al. 1926). The genetic realm of plants is susceptible 

to the influence of external electrical stimuli, as evidenced by the modulation of plant 

genomes, flowering patterns, disease resistance, and resilience to abiotic stress (Wechsler 

2015). This complex interplay occurs in both intact plants and in vitro cultures, primarily 

observed at the cellular level through calcium influx and adaptations in the plasma membrane 

(Neumann and Rosenheck 1972; Melikov et al. 2001). The coordination of these responses 

often involves activating voltage-gated calcium channels, leading to an influx of Ca2+ ions that 
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influence metabolic dynamics (Takamura and Volkov 2006). Pulsed electric field (PEF) 

treatments have emerged as tools capable of enhancing plant resilience by amplifying 

specialized metabolite biosynthesis, thereby inducing stress responses (Dannehl 2018). This 

enhancement is observed across various plant species, with electric stimulation promoting 

higher levels of bioactive compounds like flavonoids, anthocyanins, and phytosterols in Glycine 

max (Ozuna et al. 2018). Additionally, exposure to electrical fields increases antioxidant activity 

in wheat seedlings and influences phytoalexin content through mild electrical stimuli (Kaimoyo 

et al. 2008; Leong et al. 2016). At a fundamental level, living organisms exist within an 

electrically charged realm, evident from the diverse electrical potentials across cellular 

boundaries (Wechsler 2015). This intricate differentiation culminates in the formation of a 

membrane potential, creating dynamic electric currents and signals (Scott 1967; Fromm and 

Lautner 2007; Kim et al. 2022). Electrical signals, first explored by Burdon-Sanderson in 1873, 

play a pivotal role in mediating plant responses to environmental stimuli such as light, 

temperature, touch, and injury (Burdon-Sanderson 1873). As the understanding of electrical 

signaling expands, the presence of these signals across diverse plant species underscores their 

ability to orchestrate various physiological functions (Scott 1967; Sibaoka 1969; Volkov and 

Markin 2015). In this intricate interplay between electricity and plant life, new insights are 

revealed, emphasizing the complex electric symphony that shapes the essence of plant growth 

and vitality. 
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7. Organisms of interest 

a. Anthoceros agrestis 

Anthoceros agrestis is a cosmopolitan species and favors moist and light environments. It is 

often found on agricultural land, as the name agrarian hornwort suggests (Bisang 1998). 

Furthermore, it can also colonize meadows, pastures, fields, ditches, and banks (Renzaglia et 

al. 2008). Preference is given to sites with low calcium and neutral to slightly acidic soil. 

Ecological behavior can be characterized using Ellenberg´s indicator values as follows: L 9, T 5, 

K 5, F 7, R 4 (Ellenberg and Leuschner 2010) and N 5 (Simmel et al. 2021). Furthermore, it has 

also been found in swampy areas and near water bodies such as streams and ponds. It 

generally prefers bright sites, although it can also grow in shady areas such as forests. A. 

agrestis is a small, terrestrial plant that belongs to the family Anthocerotaceae, class 

Anthocerotopsida, and division Anthocerotophyta (Renzaglia et al. 2008). It was the first 

hornwort genus described (Merrett 1667). Notably, hornworts are unique among land plants 

in developing chloroplasts with algal-like pyrenoids. The presence of pyrenoids in hornworts is 

associated with carbon concentration, akin to algae with pyrenoids (Villarreal and Renner 

2012). These pyrenoids function as centers for photosynthesis, concentrating CO2 near them 

to levels up to 180 times higher than in the rest of the cell. This heightened CO2 concentration 

enhances photosynthesis in aquatic environments where CO2 diffusion is restricted (Badger et 

al. 1998). Most hornwort species possess small genomes (Bainard et al. 2013), with A. agrestis 

having the smallest genome of all bryophytes studied to date with 83 Mbp (megabase pairs) 

(Leitch and Bennett 2007). The haploid gametophyte generation of A. agrestis, as in all 

bryophytes, is the dominant phase of the life cycle. The spores germinate and form a flattened 

thallus that often lacks specific internal tissue differentiation (Renzaglia et al. 2009) and each 

cell of the thallus contains one to four chloroplasts. Cavities filled with a special mucus 

substance are distributed throughout the thallus tissue. These mucus cavities harbor nitrogen-

fixing cyanobacteria of the genus Nostoc, which form a symbiotic relationship with A. agrestis 

(Vanderpoorten and Goffinet 2009). The heterocysts of the cyanobacteria carry out nitrogen 

fixation and release the fixed nitrogen to the host in exchange for organic carbon. 

Gametophytes are monoecious, with both male (antheridia) and female (archegonia) 

reproductive organs developing on the same thallus. Following fertilization, the diploid 

embryo undergoes development into the sporophyte within the archegonia, where spores are 

produced through meiosis. At maturity, the sporophyte of A. agrestis is a cylindrical, “horn-
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like” structure. The basal meristem, located at the base of the sporophyte, exhibits continuous 

activity throughout the entire lifespan of the sporophyte, a characteristic exclusive to 

hornworts (Renzaglia et al. 2008). Hornworts, including Anthoceros agrestis, have several 

unique features within the bryophytes, some of which are more closely related to algae and 

others to vascular plants (Renzaglia et al. 2008). As an example, the initial division of cells in 

hornworts is longitudinal, similar to vascular plants, but it is transverse in liverworts and 

mosses (Renzaglia 1978; Ligrone et al. 2012). In addition, hornworts are the only terrestrial 

plants with chloroplasts in which pyrenoids are found as in algae (Duckett and Renzaglia 1988; 

Villarreal and Renner 2012). 

Stomata are present in all embryophytes with exception of liverworts (Pressel et al. 2018). 

Stomata of the hornwort species Anthoceros agrestis have scattered distribution along the 

sporophyte (Paton 1957). Previous studies (Hartung et al. 1987, 1994; Bopp and Werner 1993; 

Hartung 2010) have reported stomatal responses to environmental stimuli and externally 

applied abscisic acid (ABA) in hornworts. However, Lucas and Renzaglia (2002) did not support 

these earlier findings. They found no indication of stomatal closure in response to either ABA 

or darkness. The stomata of hornworts open once in the early development stages of through 

osmotic changes and remain open thereafter. The response of stomatal density and aperture 

in hornworts to different atmospheric CO2 concentrations differs from that of vascular plants 

(Field et al. 2015). Plants possessing passive stomatal control show a decrease in stomatal 

density when exposed to elevated levels of CO2 (Brodribb et al. 2009; Brodribb and McAdam 

2011, 2013, 2017) whereas plants with active stomatal control respond to elevated carbon 

dioxide levels by reducing stomatal apertures (Haworth et al. 2015; Lake et al. 2016). Although 

at first glance stomata in hornworts could play an important role in gas exchange, it has been 

shown that the stomata in hornworts are primarily involved in the desiccation of the 

sporophyte and the dispersal of spores, rather than the regulation of photosynthesis-

dependent gas exchange (Pressel et al. 2018). 
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I. Small package, big surprise: Natural products found in A. agrestis 

Trennheuser (1992) performed a large-scale extraction with 500 g of plant material from in 

vitro-cultured A. agrestis and analyzed its components after separation via several 

chromatographic methods. Collected HPLC peaks were structurally analyzed using NMR 

spectroscopy to determine their chemical structure. The following components were found in 

A. agrestis: 

 

Phenylpropanoids 4-Hydroxybenzoic acid glutamic acid amide 

 Protocatechuic acid 

 Protocatechuic acid methyl ester 

 Protocatechuic aldehyde 

 Vanillic acid 

 4-Coumarate 

 4-Coumaric acid methyl ester 

 4-Coumaric acid-3-(3,4-dihydroxyphenyl)-lactic acid 

 2-(3,4-dihydroxyphenyl)-ethenyl 4-coumaric acid ester 

 2-(3,4-dihydroxyphenyl)-ethenyl caffeic acid ester 

 2-(3,5-dihydroxyphenyl)-ethenyl caffeic acid ester 

 Ferulic acid 

 Isoferulic acid 

 Isoferulic-3-(3,4-dihydroxyphenyl)-lactic acid 

 2-(3,4-Dihydroxyphenyl-ethenyl-isoferulic acid ester 

 Isoferulic acid-glutamic acid amide (cis & trans) 

 Rosmarinic acid 

 Rosmarinic acid methyl ester 

 Megacerotonic acid 
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 3-Hydroxymegacerotonic acid 

 3-(3,4-Dihydroxyphenyl)lactic acid 

Sterol glycosides Sitosterol glucoside 

 Stigmasterol glucoside 

Alkaloids Anthocerodiazonin 

 

The presence of these diverse natural products in Anthoceros agrestis underscores the 

intricate chemical ecology of hornworts and their potential contributions to the plant's survival 

and interactions with the surrounding ecosystem. 

 

b. Melissa officinalis 

Lemon balm, member of the family Lamiaceae, is a perennial herbaceous plant. It is commonly 

referred to as lemon balm because of its lemon-like flavor and fragrance. It is native to the 

Mediterranean region but is cultivated worldwide in temperate and warm areas. Lemon balm 

is typically found in moist and well-drained environments. It´s Ecological behavior can be 

characterized using Landolt´s indicator values as follows: F 3, R 4, N 4, L 3, T 4+ and K 2 (Landolt 

et al. 2010). It is widely cultivated in Europe and the United States, but mainly grown in 

Germany, France, Italy, Romania, and Bulgaria (Wichtl 2010). Dried or fresh leaves and top 

aerial sections of the plant are used as medicine (Janina 2003).  Due to its content of phenolic 

carboxylic acids like rosmarinic acid its leaves have an antimicrobial and antiviral effect. For 

this reason, extracts of it are used in ointments for the treatment of Herpes simplex infections 

(Wichtl 2010). Because of its calming and antispasmodic effects, it is also used as a tea, e.g., 

for minor sleeping difficulties and gastrointestinal complaints. Uses for medicine dates back to 

ancient times. For example, the Swiss physician and alchemist Paracelsus (1493-1541) believed 

that lemon balm was an “elixir of life” and would increase strength and lengthen life (Brown 

2001).  
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8. Focus of this study 

In this study, the focus is on hydroxycinnamoyltransferases (HCT) of the BAHD protein family 

in the hornwort Anthoceros agrestis. Proteins containing the specific motifs associated with 

HCTs were tested for their enzymatic activity with various substrates potentially recognized by 

acyltransferases. This is aimed to uncover particular metabolic pathways where these enzymes 

play a role and contribute to their catalytic functions. 

In addition, an investigation was undertaken to assess the content of rosmarinic acid in cells 

of Melissa officinalis under stress conditions. The objective is to determine whether electrical 

stress induces a similar increase in the plant's rosmarinic acid production, as the response 

observed with chemical stressors. 
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Material & Methods 

1. Plant cell cultures  

Two different organisms were cultivated as cell suspension cultures, namely Melissa officinalis 

and Anthoceros agrestis. A. agrestis was cultivated in CB-M media with continuous exposure 

to light, whereas Melissa was grown in CB2 media in the dark. For both, orbital shakers with 

flask clamps were utilized to cultivate shake the cultures at 120 rpm. Once a week the media 

were renewed by transferring 5.5 g wet cells for A. agrestis and 5 g for M. officinalis to a new 

flask containing fresh medium. 

For A. agrestis, there were two cultivars with slightly different appearances. One cultivar (Aa8) 

aggregated into larger clumps over time and occasionally had to be broken into smaller pieces. 

It was darker green overall than the other (Aa10), which did not form large aggregates and was 

lighter in color. 

 

2. Culture characterization of A. agrestis 

Prior to the experiment, suspension cultures of A. agrestis (cultivar Aa10) were propagated for 

several weeks to ensure an adequate supply of cells. For maximal consistency in the 

characterization of the culture, caution was exercised in the beginning to employ medium from 

the same batch, thereby minimizing growth variations arising from pipetting or weighing 

inaccuracies. On the experiment's initiation day (day 0), 5 g of the cell material (from 7-days 

old cells) was transferred into sterile 250 ml Erlenmeyer flasks containing 50 ml CB-M medium. 

Special attention was given to transferring the cell material without excessive adherent spent 

medium to minimize potential sources of error in weight gain measurements. The cultures 

were then cultivated under artificial continuous illumination at 25 °C on an orbital shaker set 

at 120 rpm. Subsequently, for a period of 17 days, each day a culture aliquot was harvested by 

vacuum filtration through a Büchner funnel, and the medium was collected. The daily cell 

harvests were preferably conducted at the same time each day. During the initial three days, 

two flasks per day were collected to compensate for a lower cell quantity. For each day, the 

fresh weight was determined, and three separate samples, each weighing 0.5 g, were freeze-

dried to assess the content of rosmarinic acid and water. The remaining cell material was 

stored at -80 °C. Additionally, the medium collected from each day underwent the following 

measurements: sugar content using a refractometer, pH value using an electronic pH meter, 

and electrical conductivity using an EC meter. 
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3. External applied electricity on dark suspension cultures of M. officinalis 

Two-day-old cells from suspension cultures of Melissa officinalis grown in CB2 medium were 

used for these experiments. 1-2 grams of cells were transferred into 100 ml laboratory bottles. 

Special care was taken to transfer the cells without excessive adherent spent medium with a 

meshed spatula by carefully removing excess water, followed by the addition of 20 ml fresh 

CB2 medium. Up to three different types of samples were prepared: One or two samples for 

the application of electric current, one sample as a control group, and one sample containing 

methyl jasmonate (MeJa) with a final concentration of 50 µM (10 µl 100 mM MeJa in ethanol, 

filter-sterilized), along with one sample containing only filter-sterilized ethanol as a control for 

MeJa. Bottles to be electrified were closed with a screw cap with a hole, which contained a 

rubber stopper holding a platin wire embedded in a glass tube, as well as a ventilation tube 

(Figure 4). The other bottles were closed with a screw cap containing a ventilation hole covered 

by medical fabric tape. These sealed bottles were placed on a horizontal shaker. Electrodes 

were connected to a power supply and an ammeter to precisely adjust the current. Cells were 

then exposed to currents ranging from 1 to 80 µA for 24 to 76 hours in the dark, at 23 ± 2 °C, 

and continuously shaken at 120 rpm. After the experiment, the culture medium was removed, 

cells were freeze-dried, and rosmarinic acid was extracted and quantified using HPLC (see 

section “HPLC analysis of enzyme reaction products”). The purpose of these experiments is to 

investigate how the production of rosmarinic acid in M. officinalis suspension cultures can be  

modulated by externally applied electricity. 

 

Figure 4: Left: Bottle for applying current with platin wire embedded in a glass tube with 
crocodile clamps for wires’ connection and a short glass tube for ventilation.  
Right: Bottle for control samples with a vented screw cap. 
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4. Methods of molecular biology 

Wherever possible, autoclaved materials were used for all molecular biology work. Unless 

stated otherwise, all samples have been kept on ice. Twice-autoclaved items were used for all 

steps involving the handling of RNA while wearing nitrile gloves. Care was also taken to wear 

gloves when working with DNA or dangerous chemicals such as acids, bases, ethidium 

bromide, phenol, and acrylamide. Light documentation of agarose gels was performed using 

a gel documentation chamber (FAS-DIGI, FastGene, Düren, Germany) emitting light at 

wavelengths 470-520 nm. Safety precautions were also taken when handling liquid nitrogen.  

 

a. Extraction of RNA from plant cultures 

RNA extraction was performed following a modified protocol of Chomczynski and Sacchi 

(1987). Plant material was frozen and crushed in liquid nitrogen in a nitrogen-cooled mortar. 

The mortar had previously been heated to 200 °C for 2 hours for sterilization. Once the plant 

material was ground into a powdery consistence while keeping the mortar cool with liquid 

nitrogen, 50 mg of plant material was transferred into 2 ml reaction tubes and 500 µl solution 

D (4 M guanidine thiocyanate, 25 mM sodium citrate, pH 7.0, 0.5 % lauryl sarcosine) was 

added. 

Samples were incubated at room temperature and mixed several times before the addition of 

50 μl sodium acetate solution (2 M, pH 4) and then mixed again. Unwanted cellular 

components were precipitated by the addition of 500 μl citrate buffer-saturated phenol and 

100 μl ice-cold chloroform. This was followed by intensive mixing, incubation on ice for  

15 minutes and centrifugation at 17,000 g and 4 °C for 15 minutes. 400 μl of the aqueous 

supernatant was transferred to a new tube and mixed with the same volume of ice-cold 

isopropanol. RNA was precipitated by incubation at -20 °C for at least 20 minutes. The samples 

were centrifuged at 13,000 g for 10 minutes at 4 °C, the supernatant was removed, and the 

pellet was washed with 70 % ethanol followed by 100 % ethanol. The pellet was dried at 37 °C 

and dissolved with 20 μl RNase free water. RNA quantity and purity were measured 

photometrically, and integrity was analyzed electrophoretically on an agarose gel. RNA was 

stored at -80 °C. 
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b. Synthesis of complementary DNA (cDNA) from total RNA  

cDNA was synthesized using the Fermentas/Thermo Fisher RevertAid First Strand cDNA 

Synthesis Kit. Briefly, 1 μg RNA and 1 μl oligo(dT)18 primer were transferred into a sterile 

reaction tube containing 10 μl RNase free water. The mixture was heated at 70 °C for five 

minutes and cooled on ice. 4 μl reaction buffer (5X), 1 μl Ribolock RNAse inhibitor and 2 μl 

dNTP mix (10 mM) were added, the mixture was incubated at 37 °C for five minutes, mixed 

with 1 μl M-MLV reverse transcriptase and incubated at 42 °C for 1 hour. The reverse 

transcriptase was denatured at 70 °C for five minutes and the RNA was digested with 0.75 µl 

RNase H at 37 °C for 20 minutes. The cDNA was stored in a freezer at -80 °C. 

 

c. Extraction of genomic DNA (gDNA)  

A modified protocol of Rogers and Bendich (1985) was used to isolate genomic DNA. Fresh 

cells were frozen using liquid nitrogen and pulverized while maintaining a low temperature to 

avoid thawing. 200 mg pulverized cells were transferred into 1.5 ml reaction tubes. 300 μl 2x 

CTAB buffer (2 % w/v CTAB, 100 mM Tris/HCl, pH 8, 20 mM EDTA, 1.4 M NaCl, 1 % w/v 

polyvinylpyrrolidone, heated to 65 °C) was added and incubated at 65 °C for 10-30 minutes 

and cooled down on ice for 5-30 minutes. After the addition of 300 μl chloroform and vigorous 

mixing, the cells were centrifuged at 13,000 g for five minutes. The aqueous phase was 

pipetted into new 1.5 ml tubes containing 30 μl 65 °C warm 10x CTAB buffer (10 % w/v CTAB, 

0.7 M NaCl), mixed with 300 μl chloroform and centrifuged again at 13,000 g for five minutes. 

250 μl of the aqueous phase was transferred into new tubes and mixed with 250 μl CTAB 

precipitation buffer (1 % w/v CTAB, 50 mM Tris/HCl, pH 8, 10 mM EDTA) followed by 

centrifugation at 13,000 g for five minutes. The supernatant was discarded, and the pellet was 

carefully resuspended in 200 μl high salt TE buffer (10 mM Tris/HCl, pH 8, 1 mM EDTA, 1 M 

NaCl), mixed with 400 μl 96 % ethanol, and precipitated at -20 °C for 15 minutes. After 

centrifugation at 13,000 g for 15 minutes, the pellet was washed with 70 % ethanol and dried 

at 37 °C in an incubator. The extracted gDNA was redissolved in 20-50 μl TE buffer (10 mM 

Tris/HCl, pH 8, 1 mM EDTA) and the remaining RNA was digested with 0.75 μl RNase A (stock 

solution 100 μg/ml) at 37 °C for 15-30 minutes. The concentration and purity of the DNA were 

measured using a photometer. gDNA was stored at -20 °C until further use. 
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d. PCR 

GoTaq or GoTaq G2 Flexi DNA-Polymerase was utilized for regular PCR experiments.  This type 

of polymerase lacks proofreading and hot start capabilities, but it provides strong amplification 

and higher yields than conventional Taq polymerases. 

The following components were used in the PCR assays: 

Component Volume 

DNA or cDNA template 1 µl 

5x GoTaq buffer  

or 

5x GoTaq Flexi buffer 

5 µl 

MgCl2 (25 mM) 3 µl 

dNTPs (10 mM) 0.5 µl 

Forward primer (10 µM) 0.5 µl 

Reverse primer (10 µM) 0.5 µl 

GoTaq Polymerase (5 u µl-1) 0.1 µl 

Water (RNAse free) 14.4 µl 

Total volume 25 µl 

The following program has been used for denaturation, annealing, and elongation: 

Cycle Denaturation Annealing Elongation 

1. cycle 94 °C for 120 sec TM - 5 °C for 60 sec 70 °C for 90 sec 

2. - 39. cycle 94 °C for 30 sec TM - 5 °C for 60 sec 70 °C for 90 sec 

40. cycle 94 °C for 60 sec TM - 5 °C for 60 sec 70 °C for 10 min 

To analyze the resulting PCR products an agarose gel electrophoresis was performed in order 

to separate the resulting DNA fragments according to their molecular size. 
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e. Agarose gel electrophoresis 

Agarose gel electrophoresis is a method that enables the separation of DNA and RNA, as well 

as their fragments for later analysis or further processing. This method utilizes agarose, a 

polysaccharide derived from marine algae which is capable of forming a porous matrix. To do 

this, it is boiled in water or buffer to bring it into solution. When it cools, cross-linked hydrogen 

bonds are formed, resulting in a gel formation. For the separation of DNA and RNA fragments, 

agarose gels were prepared at a concentration of 1 % in TAE buffer (40 mM Tris; 20 mM acetic 

acid; 1 mM Na2EDTA · 2 H2O). After weighing in the appropriate amount of agarose, it was 

heated in TAE buffer in a microwave until the agarose was completely dissolved. After cooling 

to approximately 35-40 °C, the yet liquid solution was poured into a prepared gel tray and 

mixed with 2-3 drops ethidium bromide (0.025 %). After complete gel formation, the gel tray 

was placed in a TAE buffer-filled electrophoresis chamber. After adding the DNA size marker 

into one pocket, 25 µl of the samples were mixed with 6 µl loading dye and pipetted into the 

free pockets of the agarose gel. For the separation, a voltage of 120-130 V and a run time of 

20-30 minutes were set. Photographic documentation was performed using a gel 

documentation chamber (FAS-DIGI) and a digital camera. 

 

f. Purification of DNA fragments 

After successful separation by electrophoresis the gel was viewed in a gel documentation 

chamber under blue LED light using an orange filter. Bands corresponding to the expected size 

were cut out using a scalpel and transferred to a 1.5 ml reaction tube. DNA was isolated using 

the NucleoSpin Gel and PCR Clean-up Kit (Macherey-Nagel). For this, the gel was dissolved in 

the binding buffer "NT". Per 100 mg of gel, 200 µl of buffer was added and then incubated at 

50 °C until the gel completely liquified. This solution was transferred to NucleoSpin silica 

column, centrifuged at 11,000 g for one minute and the flow-through discarded. 700 µl wash 

buffer "NT3" was added to the clumn, centrifuged again for one minute, and the flow-through 

discarded again. Centrifugation was again performed for two minute to dry the membrane. To 

elute the bound fragments, 30-40 µl demineralized water was added to the membrane, 

incubated for five minutes, and then centrifuged again for one minute. During this process, 

the flow-through was collected in a new 1.5 ml reaction tube. The silica membrane was then 

washed with 100 µl water, dried and stored for further applications. 
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g. Plasmid preparation 

1.5 ml bacterial cell suspension from an overnight culture (see “Expression of recombinant 

proteins”) was pipetted into 1.5 ml reaction tubes and centrifuged at 3,000 g for five minutes. 

The supernatant was discarded. This step was repeated and then the contained plasmids were 

isolated using the QIAprep® Spin Miniprep Kit from Qiagen. For this purpose, the cell pellet 

was first resuspended in 250 µl "P1" buffer (50 mM Tris-HCl pH 8.0, 10 mM EDTA, 100 μg/ml 

RNase A). To this, 250 µl "P2" buffer (200 mM NaOH with 1 % SDS) were added and the tubes 

inverted several times for mixing. 350 µl "N3" buffer (4.2 M guanidine HCl, 0.9 M potassium 

acetate, pH 4,8) was added to the mixture, again inverted several times, and then centrifuged 

at 16,000 g for 10 minutes. The resulting supernatant was decanted into silica columns for 

plasmid preparations (QIAprep® spin columns). The cell pellet was discarded. The columns 

were washed with 500 µl buffer "PB" (5 M guanidinium-HCl, 30 % 2-propanol), and centrifuged 

again at 11,000 g for one minunite. This flow-through was also discarded. For another wash 

step, 750 µl buffer "PE" (10 mM Tris-HCl pH 7.5, 80 % EtOH) was pipetted into the tubes, 

centrifuged again for one minute. This flow-through was discarded too. Subsequently, the 

tubes were dried at 11,000 g for two minutes. For elution of the plasmids, the tubes were 

placed in fresh, sterile 1.5 ml reaction tubes, 30-40 µl sterile, demineralized water was added 

and incubated at room temperature for five minutes before centrifuging again (11,000 g for 

one minute). The concentration of the isolated plasmids was determined photometrically and 

the samples were stored at -20 °C. 
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h. Restriction digest 

The digestion of DNA using restriction endonucleases is a fundamental step in molecular 

biology work and allows DNA molecules to be modified in a targeted manner. The enzymes 

can recognize specific DNA sequences and cut them there. Standard approaches for restriction 

digestion corresponded to a total volume of 15 µl. For restriction digestion followed by T4 

ligation the total volume was 20 µl. The following pipetting scheme was used for standard 

restriction digestion: 

Component  Volume 

Buffer 10 x 1.5 µl 

Enzyme  0.5 µl 

Enzyme 2 (optional) 0.5 µl 

Plasmid / DNA 3 µl 

Water ad 15 µl 

This preparation was incubated at 37 °C in an incubator for 1-2 hours and either processed 

directly or stored at -20 °C. For restriction digestion followed by T4 ligation, the following 

pipetting scheme was chosen: 

Component  Volume 

Buffer 10 x 2 µl 

Enzyme  1 µl 

Enzyme 2 (optional) 1 µl 

Plasmid / DNA 16 µl 

This batch was also incubated at 37 °C overnight in an incubator and then either used directly 

or stored at -20 °C. 
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I. Digestion of vectors 

i. pDrive 

Restriction digestion of the pDrive vector prior to ligation was not necessary as it was ordered 

as a linearized vector. However, the recombinant vector containing an insert was digested 

using restriction endonucleases. Depending on the sequence of the inserted gene, an 

endonuclease was chosen that cleaves within a recognition sequence present in the vector 

sequence but not in the insert sequence. This avoids cleavage of the gene itself. The digestion 

followed a standard restriction digestion scheme (as described above). 

 

ii. pET-15b and pRSET-C  

In order to incorporate an insert into the pET-15b or pRSET-C vector by ligation, the vector 

needed to be linearized. To achieve this, a vector without any insert was multiplied in E. coli 

EZ cells, isolated, and purified. The vectors were digested using restriction endonucleases with 

a recognition site present in the vectors but not in the gene sequence to be introduced. The 

vector digestion of pET-15b and pRSET-C followed the scheme of restriction digestion followed 

by T4 ligation (see section “Ligation with T4-DNA-ligase”). 

 

iii. pESC-URA 

The pESC-URA vector contains two multiple cloning sites (MCS) with different endonuclease 

recognition sites. MCS 2 was selected as the desired insertion site, which encodes a Myc-Tag. 

To remove the Myc-Tag, endonucleases with a recognition site on the left and right of the Myc-

Tag coding sequence were chosen. This allows the endonucleases to cleave the vector, 

resulting in the loss of the Myc-Tag coding sequence. The following scheme was used for 

restriction digestion: 

Component  Volume 

10x buffer 1.5 µl 

Plasmid (100 ng/µl) 6.0 µl 

Endonuclease 1 0.5 µl 

Endonuclease 2 0.5 µl 

Water ad 15 µl 
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i. Ligation 

Vectors are a type of transport matrix used to introduce foreign genetic material into a living 

recipient cell. Various matrices are referred to as vectors, such as plasmids, cosmids and 

viruses, which have a vector function. 

Plasmids are ring-shaped, double-stranded DNA molecules that occur in addition to the 

genomic DNA in bacteria, archaea and yeasts. They are therefore considered 

extrachromosomal elements and can perform different functions. 

In molecular biology, plasmids can be used as vectors to introduce foreign genetic information 

into an organism by means of transformation or transfection. Nowadays, there are a variety of 

plasmid vectors that are suitable for different applications. So-called high-copy vectors such as 

pDrive are used to be highly amplified by the transformed bacterium. In contrast, an 

expression vector, such as pET-15b, when treated with an inducer, serves to produce the 

transcript of the introduced nucleic acid so that it is translated by the bacterium into the 

corresponding peptide sequence and subsequent folding produces the associated protein. 

The process of ligation is used to integrate foreign nucleic acid into a plasmid. Ligation 

describes the insertion of a nucleotide sequence into a plasmid, which is introduced into the 

organism by transformation of chemo-competent bacteria. 

The discovery of DNA ligases was a milestone in molecular biology. They are essential for DNA 

replication and repair mechanisms in all organisms.  Ligases are efficient and versatile 

enzymes, as most organisms have multiple ligases that either function in DNA replication or 

are specialized in specific DNA repair pathways, such as nucleotide excision repair, base 

excision repair, single-strand break repair, or double-strand break repair by non-homologous 

end joining (Tomkinson et al. 2006; Shuman and Glickman 2007; Ellenberger and Tomkinson 

2008). To insert the foreign DNA into plasmids, two forms of ligation were used, TA ligation 

and T4 ligation. 
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I. TA-ligation 

TA ligation is a simple and efficient method for incorporating DNA inserts into vectors. This 

method is based on the attachment of an adenine at the end of the PCR reaction by DNA 

polymerase type A to the 3´-end of the finished strand, which can interact with an overhanging 

thymidine or uridine nucleotide of the linearized plasmid, allowing the incorporation of the 

insert into the vector.  

TA ligation was performed using the PCR cloning kit by Qiagen and the following components 

and volumes were used: 

Component Volume 

Ligation Master Mix 2.5 µl 

pDrive Vector 0.5 µl 

DNA Insert 2.0 µl 

Total Volume 5 µl 

This mixture was incubated at 4 °C overnight followed by incubation at 65 °C for 10 minutes to 

deactivate ligase activity. The insert containing plasmid was then used to transform E. coli cells 

or stored at -20 °C until further use. 
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II. Ligation with T4-DNA-ligase 

The second form of ligation used T4-DNA-ligase. For this technique the DNA fragments and 

plasmids were cut using the same restriction enzymes to generate overhangs. After digestion, 

both, the DNA fragment and the plasmid were purified, isolated, and photometrically 

quantified. For ligation a molar ratio of 5:1 of insert to plasmid was utilized. The total volume 

was 10 µl and the following components (T4 DNA-Ligase Kit - New England Biolabs) and 

volumes were used: 

Component Volume 

T4 Ligase 10x buffer 1.0 µl 

T4 DNA Ligase 0.5 µl 

Linearized pET-15b Vector 1.5 

DNA Insert 7.0 µl 

Total Volume 10 µl 

This mixture was incubated at 4 °C overnight followed by incubation at 65 °C for 10 minutes to 

deactivate ligase activity. 

 

III. Ligation into pESC-URA vector 

The ligation into the pESC-URA vector was performed with T4-DNA-ligase according to the 

following scheme: 

Component Volume 

T4 Ligase 10x buffer 1.0 µl 

T4 DNA Ligase 0.5 µl 

Linearized pESC-URA Vector X µl* 

DNA Insert Y µl* 

Total Volume 8.5 µl 

*The amount of X and Y was adjusted so that the insert was present in a 2- to 4-fold molar 

excess compared to the vector. This is done to minimize the effect of self-ligation of the pESC-

URA vector that would lead to successful transformation without an insert. 
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j. Production of competent E. coli  

Competent E. coli cells are cells that have been modified by a chemical or physical treatment 

to be able to take up foreign DNA to a higher degree (Hanahan 1983). This process of foreign 

DNA uptake in prokaryotes is called transformation. There are several methods to produce 

competent E. coli cells, for e.g., calcium chloride transformation or electroporation (Dower et 

al. 1988; Chung et al. 1989; Inoue et al. 1990). 

In this work, different E. coli strains were used to amplify the introduced genetic material (E. 

coli EZ) and to express it for later analysis (E. coli SoluBL21). To enable the cells for foreign DNA 

uptake, cell material was first scraped from a cryo-permanent culture using sterile toothpicks 

and this toothpick was then incubated in 2 ml LB medium at 37 °C and 220 rpm overnight. In 

the case of EZ, 2 µl tetracycline (12.5 mg/ml) was added to the LB medium, and incubation of 

SoluBL21 cells was performed without the addition of any antibiotic. The next day, the 

bacterial suspension was transferred to an Erlenmeyer flask containing 90 ml LB medium and 

90 µl tetracycline (or no antibiotic in case of SoluBL21) and incubated for 2-3 h at 37 °C and 

220 rpm to an optical density at 600 nm of 0.4 to 0.6. This suspension was centrifuged in 

centrifuge tubes at 4 °C and 3,000 g for 10 minutes. The supernatant was discarded. The 

resulting cell pellet was resuspended in 20 ml cold (4-8 °C) 100 mM CaCl2 solution and then 

centrifuged again at 4 °C and 2500 g for 12 minutes. The supernatant was discarded, and the 

cell pellet was resuspended in 10 ml 100 mM CaCl2 solution, followed by incubation for 20 

minutes and then centrifuged for 12 minutes at 4 °C and 2500 g. After discarding the 

supernatant, the cell pellet was resuspended in 2 ml 100 mM CaCl2 solution containing 15 % 

glycerol. This suspension was aliquoted to 150 µl each and stored at -80 °C. 

 

k. E. coli transformation  

In order to transform competent E. coli cells, 70 µl of the cell suspension were mixed with 5 µl 

ligation mixture or 2 µl vector and the mixture was left to incubate on ice for 30 minutes. 

Following this, the samples were put in a thermo block and heated to 42 °C for 90 seconds 

before being cooled on ice for two minutes. Following the addition of 150 µl SOC medium the 

mixture was incubated at 37 °C in an incubator for 30 minutes. The mixture was transferred to 

agar plates containing LB-medium and spread evenly using a sterile Drigalski spatula before 

being placed in an incubator at 37 °C over night. Depending on the gene-carrying vector used 

the media either included an antibiotic or none. 
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An additional 0.16 % X-gal (50 mg/ml 5-bromo-4-chloro-3-indoxyl-β-D-galactoside in DMSO 

(dimethylsufoxide)) and 0.05 % IPTG (0.1 M isopropyl-β-D-thiogalactopyranoside, sterile 

filtered) were added to the LB medium for transformations with a vector containing a lacZ 

gene (pDrive), which allowed blue-white selection. 

 

l. Yeast transformation 

Three to four day-old yeast cells (strain YPH501) on a Petri dish containing YPDA medium 

(incubated at 30 °C) were used for transformation. The gene of interest was introduced into 

the pESC-URA vector and after vector amplification by E. coli EZ used to transform yeast cells. 

For this, 20 mg carrier DNA (fish sperm) was prepared in 10 ml TE-buffer, stirred for  

60-120 minutes at 4 °C, aliquoted and stored frozen at -20 °C.  

One aliquot was denatured for five minutes at 95 °C in a thermocycler then stored on ice until 

further use. The pESC-URA vector was adjusted to a concentration of 50 ng/µl. One yeast cell 

colony was picked with an inoculation loop, transferred to a 1.5 ml reaction tube containing 

1 ml sterile water and centrifuged at 8,000 g for 30 seconds to wash the cells. The supernatant 

was discarded, and following components were added to the yeast pellet: 

Component Amount [µl] 

PEG 4000 (50 % w/v) 240 

Lithium acetate (1 M) 36 

Carrier DNA (20 mg/ml) 50 

pESC-URA (50 ng/µl) 34 

The components were mixed vigorously, and a heat shock was performed at 42 °C for 60 

minutes in a thermocycler. The preparation mix was then centrifuged at 8,000 g for one minute 

and the supernatant was discarded. The pellet was resuspended in 200 µl water and this 

mixture was spread out on a Petri dish containing SCDURA medium. Plates were sealed with 

sealing film and incubated at 30 °C for 2 to 3 days until distinct colonies had grown. Plates with 

grown transformants then stored at 4-6 °C. 
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I. Colony PCR 

Yeast colonies from transformation experiments were used to perform colony PCR in order to 

verify successful incorporation of the insert-containing vector into the cells. For this, colonies 

were picked with a sterile toothpick and suspended in 100 µl potassium phosphate buffer (100 

mM, pH 7) containing 100 mM lithium acetate and 1 % SDS. To preserve the colony the 

toothpick was streaked onto a new Petri dish containing SCDURA medium. The colony-buffer 

mixture was incubated at 70 °C for five minutes prior to the addition of 300 µl 96 % ethanol. 

This mixture was mixed vigorously followed by centrifugation for three minutes at 15,000 g. 

After discarding the supernatant, the resulting pellet was washed twice with 100 µl 70 % 

ethanol. The resulting pellet was dried at 37 °C for 15-30 minutes and then resuspended in 50 

µl water. From this mixture 2 µl were used for colony PCR with primers designed for the 

amplification of the multiple cloning site 2 of the pESC-URA vector. 

 

II. Heterologous expression  

After successful transformation verified by colony PCR the preserved colony was used for 

expression. Cells were picked up with an inoculation loop and transferred to an Erlenmeyer 

flask containing 90 ml SCDURA broth. The culture was incubated at 30 °C and 140 rpm for two 

to three days. For harvest, the cell suspension was transferred to 50 ml tubes and centrifuged 

at 3,000 g for five minutes at 4 °C. The supernatant was discarded, and cell pellets were 

resuspended in 25 ml SCGURA broth. This suspension was transferred to an Erlenmeyer flask 

and SCGURA broth was added to a volume of 90 ml. FeSO4 was added to a concentration of 

12.5 mg/l followed by the addition of 5-aminolevulinic acid to a concentration of 200 µM and 

the culture was incubated for 24 hours at 30 °C and 140 rpm. Cells were harvested by 

centrifugation at 3,000 g and 4 °C for five minutes and resuspended in potassium phosphate 

buffer (100 mM, pH 7) containing 1 mM DTT and 1 mM DIECA. The suspension was centrifuged 

at 3,000 g and 4 °C for five minutes and the cell pellet was resuspended in 1.5 ml buffer and 

transferred to a 7 ml tube containing 2.5 g glass beads (size approx. 0.5 mm). The tube was 

vigorously shaken at 4,000 rpm in a homogenizer (MiniLys) for 30 sec. This was repeated 6-8 

times with cooling on ice in between each repetition. Using a 1 ml pipette the liquid was 

collected and transferred into a 2 ml reaction tube. The beads were washed with 0.5 ml buffer 

which was then combined with the previous collected liquid and centrifuged at 5,000 g and 
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4 °C for 20 minutes. The resulting supernatant was transferred into a new 2 ml reaction tube 

and used for Western blot immunodetection. 

 

III. Multiplication of transformed colonies 

To a sterile test tube, 4 ml LB medium and 20 µl ampicillin (20 mg/ml) were added. Colonies 

from the transformation Petri dish were picked using a sterile toothpick held with flame 

sterilized tweezers and transferred to the prepared test tube. The cultures were incubated at 

220 rpm and 37 °C in a shaker incubator overnight. 

 

IV. Preparation of glycerol cryocultures 

To prepare cryocultures, 425 µl was taken from the incubated cultures and gently mixed with 

75 µl sterile glycerol in a sterile 1.5 ml reaction tube. Subsequently, they were frozen using 

liquid nitrogen and stored at -80 °C. 

 

m. Molecular methods for HCTs from A. agrestis 

In preliminary work the protein-coding sequences for AaHCT2, AaHCT5, and AaHCT6 were 

successfully introduced into the expression vector pET15b and incorporated into E. coli 

SoluBL21 cells. Therefore, there was no need for molecular work and they directly underwent 

biochemical analysis. 

 

I. Methods deviating from the standard protocols 

i. Amplification of AaHCT1 

AaHCT1 was amplified from cDNA translated from total RNA extracted from A. agrestis 

suspension cells.  

Multiple PCR experiments did not result in an amplification observable after gel 

electrophoresis. For the final PCR the annealing temperature was set as a gradient with 

effective annealing temperatures of 63.0, 64.4 and 65.3 °C, with additional 10 % DMSO for all 

annealing temperatures as well as without the addition of DMSO. Denaturation and elongation 

time followed the standard protocol (see section “PCR”). Primer concentration used for PCR 

was 10 µM. Annealing time was set to 90 seconds as the sequence of AaHCT1 is 1359 base 

pairs. Separation via agarose gel electrophoresis was performed (see section “Agarose gel 

electrophoresis”) and bands of appropriate size were extracted and purified using the 



 

 45 

NucleoSpin Gel and PCR Clean-up Kit by Macherey-Nagel (see section “Purification of DNA 

fragments”). The amplified DNA was stored at -20 °C until further use. 

 

ii. Homologous recombination of AaHCT1 

Homologous recombination is a precise, rapid, and efficient in vivo technology for modifying 

DNA sequences in bacteria. It uses PCR products and synthetic oligonucleotides as substrates 

to insert or delete DNA sequences without the need for restriction sites. Recombineering 

(recombinogenic engineering) is advantageous over other methods of genetic engineering as 

it allows for modifications to be made without regard to the presence or location of restriction 

sites, which are essential components of classical genetic engineering (Thomason et al. 2014). 

Components and amounts for homologous recombination were mixed following the scheme, 

as outlined here: 

Component Amount 

Vector pRSET-C 0.5 µl (104.2 ng) 

DNA insert  1.0 µl (228.7 ng) 

H2O 8.5 µl 

Total 10 µl 

This mixture was added to 50 µl competent EZ cells in a 1.5 ml reaction tube and incubated on 

ice for 20 minutes followed by one minute heat shock incubation at 42 °C in a thermocycler. 

The mixture was cooled on ice for five minutes and 240 µl SOC medium was added and gently 

mixed followed by incubation at 37 °C for one hour. The mixture was then spread out on a Petri 

dish containing LB medium with ampicillin and incubated overnight at 37 °C.  

 

iii. In-fusion cloning of AaHCT1 

In-fusion cloning basically is an advanced method of homologous recombination allowing 

cloning of one or multiple DNA fragments into a vector with the In-Fusion enzyme facilitating 

the fusion of DNA fragments, e.g., DNA inserts from PCR amplification and linearized vectors. 

This is achieved by recognizing and annealing a 15-bp overlap at the ends of the fragments to 

be fused. Overlaps need to be created by primer design and PCR amplification of the 

sequences of interest prior to the fusion. Advantages of In-Fusion cloning encompass the 
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capability to clone one or multiple inserts into a desired position within a vector without the 

need of extra steps like phosphatase treatment or ligation. Linearization of the vector can be 

achieved by inverse PCR or restriction digest.  

The kit used for these experiments was the In-Fusion® HD Cloning Kit (Takara Bio USA Inc.). 

The following scheme was used for sample preparation: 

Component Amount 

5x In-Fusion HD Enzyme Premix 2.0 µl 

Linearized pRSET-C Vector 2.0 µl (70 ng) 

DNA insert (AaHCT1) 1.25 µl (70 ng) 

H2O  4.75 µl 

Total 10 µl 

The mixture was incubated in a thermocycler at 50 °C for 15 minutes then cooled down on ice 

and finally added to E. coli EZ cells according to the standard transformation protocol (see 

section “E. coli transformation”). 

After transformation, cells were spread onto a Petri dish containing 10-20 ml LB medium and 

0.05 % ampicillin (20 mg/ml, sterile filtered) using a Drigalski spatula and incubated at 37 °C 

overnight. 
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iv. Amplification of AaHCT7 

AaHCT7 was amplified from cDNA translated from total RNA extracted from freeze dried  

A. agrestis cells from suspension cultures of different ages (days 3, 5 and 7). For annealing 

temperature, a gradient was chosen with 48.0, 49.4 and 52.0 °C. Denaturation and elongation 

time followed the standard protocol (see section “PCR”). Primers were used with a 

concentration of 10 µM. The annealing time was set to 90 seconds as the sequence of AaHCT7 

is 1281 base pairs. Separation via agarose gel electrophoresis was performed (see section 

“Agarose gel electrophoresis”) and bands of appropriate size were extracted and purified using 

the NucleoSpin Gel and PCR Clean-up Kit by Macherey-Nagel (see section “Purification of DNA 

fragments”). The amplified DNA was stored at -20 °C until further use. 

Compoment Volume [µl] 

cDNA 1.0 

Go-Taq® buffer 5.0 

10 mM dNTPs 0.5 

25 MgCl2 3.0 

10 mM forward primer 0.5 

10 mM reverse primer 0.5 

Go-Taq® G2 DNA Polymerase 0.1 

H2O 14.4 

Total volume 25 
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5. Biochemical methods  

a. Expression of recombinant proteins 

Proteins were hoterologously synthesized in E. coli cells of the safety strain SoluBL21. For this 

purpose, 2 ml LB medium and 0.5 % ampicillin were added to a 10 ml test tube and overnight 

cultures were prepared from the cryoculture to be propagated and incubated overnight at 

37 °C and 220 rpm. The following day, this cell suspension was transferred to an Erlenmeyer 

flask containing 100 ml LB medium with 0.5 % ampicillin and incubated to an optical density 

at 600 nm (OD600) of 0.4 to 0.6 at 37 °C and 220 rpm. This was usually achieved after 1 to 2 

hours. 100 µl 1 M IPTG (isopropyl-β-D-thiogalactopyranoside) solution was added to the cell 

suspension to induce the lac operon. The mixture was then incubated at 180 rpm and 25 °C 

overnight. 

The next day, the cell suspension was transferred to a 50 ml centrifuge tube and centrifuged 

at 8,000 g and 4 °C for 15 minutes. The supernatant was discarded, and this step was repeated 

until the entire batch was centrifuged. Cells were then frozen in liquid nitrogen and temporarily 

stored at -80 °C for at least one hour before the cell pellet was then resuspended in 0.1 M 

potassium phosphate buffer pH 8.0 (4 ml per g cell pellet). A spatula tip of lysozyme (∼ 50 mg) 

was then added to this cell suspension and mixed. This preparation was placed horizontally in 

ice for 30-60 minutes on a laboratory swivel. This cell suspension was then sonicated on ice 

using a sonifier for a total of two minutes at 200 W in a pulsing mode of 0.5 (one second pulse, 

one second rest) to mechanically damage the cell membrane and ensure cell disruption. 

Subsequently, this preparation was centrifuged at 8,000 g and 4 °C for 10 minutes and the 

resulting supernatant was transferred to a new reaction tube. This corresponds to the crude 

extract and was either further used directly afterwards for nickel-NTA purification or stored at 

-80 °C. In cases where no purification was performed, the crude extract was divided into 200 

µl aliquots in 1.5 ml reaction tubes. 
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b. Affinity purification via polyhistidine tag 

Protein purification utilizing a His-tag is an established method to isolate a target protein from 

a protein mixture. This involves the generation of a fusion protein carrying a histidine hexamer, 

which can be purified via affinity chromatography. The vector used, pET-15b, already contains 

a sequence to code for an N-terminal histidine hexamer. 

The principle of purification uses the property of the polyhistidine tag to bind to divalent nickel 

ions and form a chelate complex. By binding these ions to a solid-coupled chelator, in this case 

nitrilotriacetic acid (NTA), proteins bearing a polyhistidine tag can be selectively bound by 

metal chelate affinity chromatography. To perform this chromatography, a column equipped 

with a glass frit was used. For preparation, 1 ml of a freshly mixed Ni-NTA suspension was 

pipetted into the column and equilibrated three times with 1 ml binding buffer (50 mM 

potassium phosphate buffer, pH 8.0, 10 mM imidazole, 300 mM NaCl). The crude protein 

extract obtained from the harvested and disrupted E. coli cells was adjusted to 10 mM 

imidazole and 300 mM NaCl and decanted onto the column sealed at the outlet. The 

completely sealed column was then placed horizontally on ice and incubated for 60 minutes 

on a horizontal laboratory shaker. After incubation, the column was opened and the flow 

through (D) was collected. The column was then washed five times with 2 ml wash buffer (50 

mM potassium phosphate buffer, pH 8.0, 20 mM imidazole, 300 mM NaCl), and its fractions 

(W 1-5) were collected. Finally, to elute the bound protein, 3 ml elution buffer (50 mM 

potassium phosphate buffer, pH 8.0, 250 mM imidazole, 300 mM NaCl) was added to the 

column and the corresponding flow-through (E) was collected. 

The elution fractions obtained were then desalted using a PD-10 column (see “Desalting using 

PD-10 columns”). To regenerate the Ni-NTA column, it was rinsed with 10 ml water, 10 ml wash 

solution (0.5 M NaOH, 2 M NaCl), 10 ml water and finally with 10 ml 20 % ethanol. The cleaned 

column was sealed and stored at 4 °C. 
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c. Desalting using PD-10 columns 

To equilibrate the column, 25 ml 0.1 M potassium phosphate buffer, pH 7.0, was first applied 

to the column and allowed to pass through. This created optimal conditions for subsequent 

purification. 

To purify the elution fraction, 2.5 ml of it was added to the column and allowed to enter into 

the column. Then, 3.5 ml 0.1 M potassium phosphate buffer, pH 7.0, was added and the eluting 

liquid was collected. This eluted liquid corresponds to the desalted protein fraction where 

unwanted small molecules have been removed. After using the PD-10 column, it was flushed 

with 25 ml water to remove any residue. The column was then sealed and stored at 4 °C to 

maintain its integrity and functionality. The resulting protein fraction was aliquoted and stored 

at -80 °C until used. 

 

d. SDS-PAGE  

Gel electrophoresis is a technique for separating macromolecules according to their size in an 

electric field within a gel matrix. Under denaturing conditions, sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS-PAGE) is used to separate proteins according to their 

molecular mass. The medium for separation is a polyacrylamide-based gel to which SDS is 

added as an anionic detergent. SDS has denaturing properties and masks the intrinsic charges 

of proteins, thus producing a constant, negative charge distribution. When an electric field is 

applied, the now linear and negatively charged peptides migrate through the gel towards the 

anode according to their size and can thus be spatially separated from each other. The larger 

the proteins, the slower they move through the gel matrix. A discontinuous SDS gel with a 

collection gel and a separation gel was used in this work. The collection gel is located above 

the separation gel and has a lower concentration of polyacrylamide and a different pH-value. 

Its purpose is to concentrate the proteins before they enter the separation gel, which has a 

higher concentration of polyacrylamide and is therefore more suitable to separate proteins 

based on their size. Gel formation is a radical reaction in which the polymerization initiator 

ammonium peroxodisulfate (APS) together with the catalyst tetramethylethylenediamide 

(TEMED) initiates the polymerization of acrylamide and bisacrylamide to polyacrylamide. With 

the aid of a protein size marker, a mixture of proteins with different, defined sizes, conclusions 

can be drawn about the size of the separated proteins.  
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I. Procedure 

SDS-PAGE gels were prepared in small beakers according to the following scheme: 

Separating gel Volume 

1.5 M Tris HCl buffer pH 8.8 1.55 ml 

Water 1.80 ml 

Acrylamide/Bisacrylamide 

30 % 
2.55 ml 

SDS 10 % 250 µl 

TEMED 10 µl 

APS 10 % 35 µl 
 

           
Stacking gel Volume 

0.5 M Tris HCl buffer pH 6.8 625 µl 

Water 1.40 ml 

Acrylamide/Bisacrylamide 30 % 375 µl 

SDS 10 % 100 µl 

TEMED 5 µl 

APS 10 % 20 µl 

Bromophenol blue *  2.5 µl 

 
 

For better visualization of the gel pockets, the collection gel was colored by adding 

bromophenol blue to facilitate pipetting of the samples. 

After the polymerization initiator was added, the solutions were thoroughly mixed by pipetting 

up and down several times, and then they were transferred between two glass plates 

separated by a 1 mm spacer that were previously prepared. The height of the separating gel 

was selected so that there would be an effective space of around 1.5-2.0 cm above it for the 

stacking gel. To prevent the formation of air pockets, 100 µl isopropanol was added onto the 

still liquid separating gel. After complete polymerization, the isopropanol was removed using 

filter paper. After that, the stacking gel was pipetted into the chambers, and the sample comb 

was inserted in a way to avoid the formation of air bubbles. The size of the resulting gels was 

7 cm by 8 cm (minus stacking gel 7 x 6.5 cm), with a thickness of one millimeters (mm). Usually, 

the gels went through further processing right away. If this was not the case, they were placed 

in damp paper towels, covered with plastic wrap, and stored in the refrigerator until use (1-2 

days). 

For sample preparation, 20 µl of the protein solutions to be analyzed were mixed with 5 µl 

Laemmli sample buffer (see Laemmli buffer according to Laemmli (1970)) and denatured for 

five minutes at 95 °C to break down the secondary and tertiary structures of the proteins 

* 17.7 mg/ml (in 1 M Tris HCl buffer pH 6.8) 
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followed by brief centrifugation. In addition, disulfide bonds are destroyed prior 

to denaturation by the addition of ß-mercaptoethanol present in the Laemmli sample buffer.  

The glass plates with the gel were placed in the gel electrophoresis chamber and this was filled 

with 400-500 ml running buffer (according to Laemmli: pH 8.3: 25 mM Tris, 192 mM glycine, 

0.1 % SDS). The sample comb was removed and 25 µl of the prepared samples were slowly 

pipetted into the pockets of the collection gel using a Hamilton™️ microliter™️ syringe. One free 

pocket was filled with 5 µl of the size marker Roti®Mark Tricolor. A voltage of 150 V was applied 

for approximately 90 minutes for separation. The run was completed when the lower blue 

band (bromophenol blue) of the sample buffer had passed through the gel. The collection gel 

was then removed, and the remaining separation gel was either prepared for protein transfer 

to a Western blot membrane or the proteins stained using Coomassie Brilliant Blue. 

 

II. Coomassie staining 

To visualize the proteins, the separating gel was incubated in Coomassie Brilliant Blue staining 

solution (0.3 mM Coomassie-Brilliant Blue R-250 in methanol:acetic acid:water in a ratio of 

4.5:1:4.5). This was done either at room temperature for 30 to 60 minutes or by short heating 

using microwave radiation. The stained gel was then decolorized in the same way with 

decolorization solution (methanol:acetic acid:water in the ratio 4.5:1:4.5) and documented 

photographically. 

 

III. Western Blot 

The technique of Western blotting, also known as protein immunoblotting, is utilized to detect 

specific proteins within a complex mixture obtained from cells. Initially, proteins are separated 

based on their size through SDS-PAGE, and then transferred onto a membrane surface.  The 

transfer conditions and membrane type can affect the efficiency and specificity of the Western 

blot. Subsequently, specific antibodies are used to detect the target protein. One important 

consideration in Western blotting is the choice of primary and secondary antibodies. The 

primary antibody binds specifically to the target protein, while the secondary antibody 

recognizes the primary antibody and is conjugated to an enzyme or fluorophore for detection. 

The choice of antibody depends on the species of the target protein and the detection 

method. Finally, the target protein can be visualized as a band on the membrane.  
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To prevent any potential contamination that could hinder the proper wetting or transfer of 

proteins, gloves were worn while handling the PVDF membrane during preparation and after 

successful transfer. It is important to note that proteins from hands may also bind to the 

membrane. This can result in a blockage of the binding site for the antibody and lead to false 

negative results, hence the need for cautious handling. After successful SDS-PAGE, the gel 

used for separation was allowed to equilibrate for 10-30 minutes in transfer buffer (Towbin 

buffer, consisting of 192 mM glycine, 25 mM Tris, and 20 % MeOH). To prepare the blotting 

chamber, pre-cut filter papers were soaked in transfer buffer. The PVDF membrane with a 

pore size of 0.2 µm was activated by rinsing it in MeOH for 15-30 sec followed by water for 

two minutes and finally equilibrated in transfer buffer for at least five minutes. The layers 

required for blotting were assembled in a semi-dry Western blotting apparatus as follows: 

 

Layer Component 

1 anode 

2 6 layers filter paper 

3 SDS-gel 

4 PVDF membrane 

5 6 layers filter paper 

6 cathode 

 

Before attaching the cathode to the apparatus, any trapped air bubbles were removed by 

rolling a reaction tube onto the stack while applying light pressure and excessive transfer 

buffer was removed. For blotting, a current was applied with a constant strength of  

2 mA/cm2 for 90 minutes. To test for proper transfer, Coomassie Brilliant Blue staining was 

applied to the SDS-polyacrylamide gel followed by destaining after it was removed from the 

Western Blot apparatus. The membrane was removed carefully and the transferred proteins 

detected by immunostaining. To prepare the membrane for Western blot analysis, it was 

thoroughly washed in TBS-T buffer. To remove any residual contaminants, the membrane was 

rinsed three times with approximately 20 ml TBS-T buffer for five minutes each time. The 

membrane was then incubated in 20 ml TBS-T buffer containing 5 % skim milk powder as 

Figure 5: Schematic construction of a 

semi-dry chamber for Western blotting. 
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blocking agent to prevent nonspecific binding. Either 90 minutes at room temperature or 

overnight at 4 °C was used for blocking. 

After blocking, the membrane was rinsed twice for five minutes in 20 ml TBS-T buffer to 

remove any remaining blocking agent. This step was important to ensure optimal detection of 

the target proteins and to prevent nonspecific binding. Washing and blocking procedures 

were essential when preparing the membrane for Western blot analysis to ensure accurate 

and reliable results. 

 

i. Antibody incubation 

The first antibody was an anti-6x-His-tag antibody (mouse anti His-tag) prepared as a dilution 

of 1:10000 in TBS-T containing 1 % skim milk powder. 20 ml antibody solution was used to 

incubate the membrane either for 60 minutes or overnight at 4 °C on a horizontal laboratory 

shaker.  After washing the membrane again eight times for five minutes each with TBS-T buffer 

it was incubated in 20 ml of a solution of TBS-T containing 1 % BSA (Bovine Serum Albumin) 

and the secondary antibody (goat anti-mouse IgGFc alkaline phosphatase AP conjugate) with 

a dilution of 1:20000 for 60 minutes at room temperature on a laboratory shaker. After 

incubation with the secondary antibody, the membrane was again washed five times with TBS-

T for five minutes each while the solution for immunostaining was prepared. 

 

ii. Immunostaining 

160 µl BCIP (50 mg ml-1 in 70 % dimethyl sulfoxide) and 120 µl NBT (20 mg ml-1 in 100 % 

dimethyl sulfoxide) were transferred into 20 ml substrate buffer (100 mM Tris HCl, pH 9.5; 100 

mM NaCl and 5 mM MgCl2 · 6 H2O) and the washed membrane was incubated for 15-30 

minutes until dark purple spots became visible. By discarding the staining solution and 

washing the membrane with water the staining reaction was stopped. 
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e. Determination of protein concentration according to Bradford 

The determination of protein concentrations was carried out according to the method of 

Bradford (1976). This makes it possible to draw conclusions about the concentration of a given 

protein solution of unknown concentration by means of photometric measurements via a 

calibration line of a known protein concentration.  The principle of this method is based on the 

ability of Coomassie Brilliant Blue G-250 to form complexes in acidic solution with cationic and 

non-polar side chains. The unbound form has an absorption maximum at 470 nm. The binding 

of Coomassie to the protein shifts its absorption maximum from red (470 nm) to blue (595 

nm), as the dye is stabilized in its deprotonated form. For calibration, a stock solution of Bovine 

Serum Albumin (BSA) was prepared at 1 mg/ml and corresponding dilutions were prepared 

from it at concentrations of 0.75, 0.5 and 0.25 mg/ml. For the determination of protein 

concentrations, 10 µl protein solution was mixed with 1 ml Bradford solution in a 2 ml plastic 

cuvette and, after an incubation period of 20 minutes at room temperature, measured using a 

photometer at 595 nm against a reference containing the appropriate buffer in which the 

target protein was dissolved. A calibration line was constructed from the absorbances of the 

dilution series of the BSA standard. Using the calibration line and the measured absorbance of 

the protein of interest, its concentration could then be calculated. 

 

f. Rosmarinic acid extraction from Melissa officinalis and Anthoceros agrestis 

The rosmarinic acid content of M. officinalis cells was determined after electricity experiments 

and of A. agrestis after culture characterization experiments. The cells were harvested under 

vacuum suction with a Büchner funnel and weighed, followed by freeze-drying and were 

then finely powdered using a pestle and mortar. Then, 20 mg each of the pulverized cell 

material was transferred to 2 ml reaction tubes and 1 ml 70 % ethanol was added. The tubes 

were closed with a clamp to prevent them from opening due to gas pressure while heating and 

then sonicated at 70 °C for 10 minutes followed by centrifugation at 13,000 g for 15 minutes. 

The resulting supernatant was transferred to a new 2 ml reaction tube and 1 ml 70 % ethanol 

was again added to the cell pellet. The pellet was resuspended by vigorous mixing and treated 

again for 10 minutes at 70 °C in an ultrasonic bath. After another centrifugation step, the 

supernatant was mixed with the previous supernatant and the cell pellet was discarded. The 

ethanolic plant extract was diluted 1:10 with mobile phase in HPLC vials and analyzed by HPLC 
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with an UV/Vis detector. The mobile phase chosen was 50 % methanol with 0.01 % phosphoric 

acid, and detection was performed at a wavelength of λ = 333 nm. 

 

g. Protein extraction and HCT assays from plant material 

2 g fresh cells were frozen using liquid nitrogen and subsequently ground into a fine powder. 

0.4 g polyvinyl polypyrrolidone (PVPP - Polyclar™️ 10) was added and mixed with a spatula.  

2 ml 0.1 M potassium phosphate buffer pH 7 with 0.1 M dithiothreitol (DTT) was added and 

mixed thoroughly. This was transferred into a 50 ml reaction tube and centrifuged at 10,000 g 

for five minutes. The resulting supernatant was transferred into a new tube and represents the 

plant protein extract.  

With this crude protein extract enzymatic assays for HCT activity were performed. For this, a 

total reaction volume of 125 µl was used, following the pipetting scheme shown below: 

Component Amount 

Plant protein extract 50 µl 

Acceptor substrate (10 mM) 10 µl 

4-Coumaroyl-CoA (2.5 mM) 5 µl 

Ascorbic acid (12.5 mM) 5 µl 

The acceptor substrates chosen for the assays were 4-hydroxyphenyllactic acid, quinic acid, 

and shikimic acid. The incubation was carried out at 30 °C in a water bath for 0, 10, 20, and 30 

minutes. The enzyme reaction was stopped with 20 µl 6 N HCl and extracted twice with 500 µl 

ethyl acetate. After evaporation and redissolving with 100 µl of mobile phase (35 % MeOH 

with 0.01 % H3PO4 (85 %) the samples were analyzed via HPLC (see section “HPLC analysis of 

enzyme reaction products”). 

 

h. Enzyme assays with heterologously expressed proteins 

Enzyme assays with heterologously expressed proteins were conducted using 1.5 ml reaction 

vials. Curde protein extract was utilized in the search for suitable substrates, as purification 

processes can have a detrimental effect on enzyme activity, resulting in enzyme inactivation. 

The typical enzyme assay was 125 µl in volume and comprised the following components:  
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Component Amount 

potassium phosphate buffer *  100 µl 

protein (or crude protein extract in concentrations 

ranging from 1.4 to 1.7 mg/ml)  
5 µl 

ascorbic acid (12.5 mM) 5 µl 

donor substrates (Caf-CoA and pC-CoA) 5 µl 

acceptor substrate (see section “Search for suitable 

substrates” for a detailed list) 
10 µl 

*varying in molarity and pH depending on the specific substrate and protein of interest. 

All components, except for the protein, were carefully pipetted into the 1.5 ml reaction vials. 

Whenever feasible, a master mix was prepared to minimize pipetting errors. The vials were 

then placed in a controlled environment with a constant temperature, achieved using either a 

heated water bath or a thermomixer. To ensure the desired temperature was reached, the vials 

were incubated for 15 minutes, and this was confirmed by measuring the temperature of the 

liquid inside an additional vial containing only buffer, using an electric thermometer. Protein 

or crude extract was carefully pipetted onto the upper side of the inner wall of the vials to 

prevent an early initiation of the reaction. The reaction was then initiated by closing the vial 

lids and vigorously mixing them using a Vortex mixer. To terminate the reaction,  

20-60 µl 6 N HCl was added to adjust the pH to approximately pH 3, and the vials were then 

cooled on ice. The resulting reaction products were extracted twice using 500 µl ethyl acetate. 

For each extraction, 500 µl ethyl acetate was added to the assay, followed by vigorous mixing 

and centrifugation at 13,000 g for five minutes. The upper ethyl acetate phase was then 

carefully transferred to a new vial and evaporated using a vacuum centrifuge. Dried samples 

were subsequently dissolved in 100 µl of the mobile phase used for high-pressure liquid 

chromatography (HPLC), which consisted of a methanol-water mixture at different ratios 

(depending on the expected product formed) containing 0.01 % o-phosphoric acid. This 

solution was spun down in a centrifuge for 30 seconds to a minute to avoid any suspended 

solids, before carefully transferring it into vials for HPLC analysis. 
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I. Search for suitable substrates 

The procedure was performed as described in section “Enzyme assays”. The incubation was 

done at 30 °C in a water bath for 60 minutes. Duplicate samples as well as duplicate zero 

samples were prepared for each substrate tested. The following chemicals were used as 

acceptor substrates: 

# Compound # Compound 

1 shikimic acid 29 2-phenylethanol 

2 4-hydroxyphenyllactic acid 30 3-phenyl-1-propanol 

3 quinic acid 31 4-phenyl-1-butanol 

4 D-malic acid 32 3-(4-hydroxyphenyl)-1-propanol 

5 L-malic acid 33 2-(4-hydroxyphenyl)-1-ethanol 

6 DL-malic acid 34 putrescine 

7 D-tartaric acid 35 3-hydroxyanthranilic acid 

8 L-tartaric acid 36 L-tyrosine 

9 m-tartaric acid 37 D-tyrosine 

10 D-threonic acid 38 salicylic acid 

11 L-threonic acid 39 4-hydroxybenzoic acid 

12 mucic acid 40 2,3-dihydroxybenzoic acid 

13 glucaric acid 41 m-salicylic acid 

14 spermine 42 2,4-dihydroxybenzoic acid 

15 spermidine 43 3,4-dihydroxybenzoic acid 

16 anthranilic acid 44 2,5-dihydroxybenzoic acid 

17 serotonin 45 benzoic acid 

18 tryptamine 46 agmatine sulfate 

19 tyramine 47 glutamic acid 

20 2-phenethylamin 48 3-amino-benzoic acid 

21 L-phenylalanine 49 3-amino-salicylic acid 
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22 D-phenylalanine 50 vanillic acid 

23 dopamine 51 methanol 

24 DL-DOPA 52 ethanol 

25 L-DOPA 53 1-butanol 

26 D-tryptophan 54 iso-propanol 

27 L-tryptophan 55 1-propanol 

28 1-phenylethanol 

The analysis of the samples by HPLC was carried out in the same way as the other 

chromatographic measurements, except that the run length of 60 minutes was selected so 

that substances eluting later could also be detected if present. 

 

II. pH-optimum 

After successfully identifying suitable substrates, the optimal reaction pH of the expressed 

enzymes was determined by employing 0.1 M potassium phosphate buffers with varying pH 

values. The pH range of the buffers employed spanned from pH 5.5 to 9, with incremental 

steps of 0.5. The experimental procedures closely resembled those of the general enzyme 

tests, with one notable difference. Recognizing the potential impact of individual assay 

components on the pH, a pH electrode was employed to measure and record the pH value 

(prior to initiating the reaction) in an additional reaction mixture. Incubation was typically 

carried out for 30 minutes at 30 °C in a water bath. For each pH value, duplicate samples and 

duplicate blank samples were meticulously prepared, and the resulting products were 

subjected to HPLC analysis. 

 

III. Temperature optimum 

In addition to determining the optimal pH, the optimal reaction temperature of the expressed 

enzymes was also investigated. Enzyme tests were conducted over a temperature range of 0 

to 55 °C. Reactions at 0 °C were performed on ice, while the remaining reactions were carried 

out either in a water bath or thermocycler. The experimental procedure and analysis by HPLC 

followed the general enzyme assay protocol. However, the parameters of the HPLC 

measurements were changed so that the runtime was as short as possible but still long enough 
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that any substances eluting after the reaction product would not get into the measurements 

of the next sample and thus distort the chromatogram. To ensure reliability, duplicate samples 

and duplicate blank samples were prepared for each temperature tested. 

 

IV. Determination of linearity 

To precisely determine enzyme kinetic parameters, particular attention had to be provided to 

the selection of reaction conditions that ensure linear product formation within a 

predetermined time frame in the presence of minimal substrate concentration. In order to 

accomplish this, the enzymatic reaction was initiated and stopped at predetermined intervals, 

followed by analysis of the resulting product with HPLC. By plotting the area of formed 

product over time, the timeframe characterized by linear product accumulation could be 

recognized.  For subsequent experiments designed to determine enzyme kinetic parameters, 

an incubation time lying within this linear range was chosen. 

 

V. Enzyme kinetic measurements 

Experiments aimed at determining the enzymes’ kinetic parameters were conducted following 

a similar experimental setup to that of general enzyme assays. The total reaction volume for 

each assay was 125 µl, with varying substrate concentrations employed. Both acceptor and 

donor substrates underwent concentration variations, while maintaining a consistent buffer 

volume across all concentrations. Any volume deviations were compensated by the addition 

of solvent into which the substrate was dissolved. The reaction temperature was selected 

within the optimal range for the enzyme of interest. Additionally, a buffer solution near the 

enzyme's optimal pH was used. The incubation time was determined through a linearity test 

to ensure that the temporal product formation remained within the linear range. Triplicate 

determinations, including blank samples, were prepared for each substrate concentration. The 

reaction was stopped by the addition of 20-60 µl 6 N HCl, followed by rapid cooling on ice and 

subsequent double extraction with 500 µl ethyl acetate. After transferring the ethyl acetate 

phase to a new reaction vessel, solvent removal was achieved using a vacuum centrifuge, and 

the resulting samples were redissolved in 100 µl of the respective HPLC mobile phase. The 

samples were transferred to HPLC vials and subjected to analysis using an HPLC system 

equipped with an autosampler. 
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VI. Analysis of enzyme kinetic measurements 

The peak area of the formed product was plotted against the substrate concentration with the 

Prism 9 (GraphPad Software, Inc.) software and analyzed according to Michaelis-Menten. 

 

𝑣0 = (𝑣𝑚𝑎𝑥 ∗ [𝑆]) ([𝑆]⁄ + 𝐾𝑚) 

 

Rearrangement of this equation to yield 𝐾𝑚: 

 

𝐾𝑚 = (𝑣𝑚𝑎𝑥 ∗ [𝑆] − 𝑣0 ∗ [𝑆])/𝑣0 

 

With 𝐾𝑚= Michealis-Menten constant; 𝑣𝑚𝑎𝑥 = maximum velocity; [𝑆] = substrate concen-

tration; 𝑣0 = initial velocity. 

𝐾𝑚 is defined as the substrate concentration at 𝑣𝑚𝑎𝑥/2 and describes the affinity of the 

enzyme to the substrate analyzed (Figure 6 A). Low values represent a high affinity while high 

values represent low affinity towards a given substrate. 

Analysis according to Michaelis-Menten was performed using pre-set curve fitting programs 

within the Prism 9 software. 

Additionally to analysis according to Michaelis-Menten the data were plotted in linearized 

forms according to Lineweaver-Burk and Hanes-Woolf. For a Lineweaver-Burk plot (Figure 6 B), 

the reciprocal of the velocity (1/v) is plotted against the reciprocal of the substrate 

concentration (1/[S]). This linear transformation helps to determine the kinetic parameters by 

fitting the data to a straight-line equation (y = mx + b) where the x-intercept represents the 

negative reciprocal of Km (-1/Km). 

For analysis according to Hanes-Woolf the ratio of substrate concentration to velocity ([S]/v) 

was plotted against the substrate concentration (Figure 6 C). This also enables a linearization 

of the Michaelis-Menten plot where the x-intercept of the linear regression represents the 

negative Km value. 
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It is noteworthy that the determination of Km values, accompanied by their respective standard 

errors, involved individual calculations for each experiment (n=3). Subsequently, a mean and 

standard error were calculated from these individual values. The graphs presented in the 

results section (Figure 49 to Figure 60) illustrate the mean derived from all experiments. 

Consequently, the Km values reported in the results may exhibit slight disparities compared to 

those directly inferred from the graph (refer to Figure 6 for a comprehensive representation of 

Km values in the graph). It is imperative to acknowledge, however, that any observed deviation, 

if existent, remains minimal. 

 

6. Synthesis of donor substrates 

a. Synthesis of hydroxycinnamoyl-succinimide esters 

The synthesis of caffeoyl- and 4-coumaroyl-succinimide esters was carried out according to a 

modified protocol developed by Stöckigt and Zenk (1975). 15 mmol cinnamic acid and 

N-hydroxy succinimide each were dissolved in 350-400 ml ethyl acetate under heating to 

60-70 °C or sonication and the solution was cooled down to 30 °C. The N,N'-dicyclohexyl 
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Figure 6: Example plots of enzyme kinetics from made up data with A: Michaelis-Menten plot with Vmax (dashed 

line), Vmax/2 (dash-dotted line on the y-axis) and Km (dash-dotted line on the x-axis); B: Lineweaver-Burk 

linearization of data points from A with linear regression (solid line). X-intercept represents the negative 

reciprocal Km and Y-intercept represents the reciprocal Vmax; C: Hanes-Woolf linearization of data points from A 

with linear regression (solid line). X-intercept represents the negative Km. 
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carbodiimide was warmed to 40 °C until it became liquid and 17 mmol were added to the 

above solution. The reaction vessel was sealed and left to react overnight. A precipitate was 

formed. The solution was filtered, and the residues were washed with 10 ml ethyl acetate 

twice. After shaking the filtered solution three times with 50 ml 1 M NaHCO3 the aqueous 

phase was removed and discarded. The solution was dried using anhydrous sodium sulfate 

until it was completely free of water. After filtering out the solids the solution was completely 

evaporated using a rotary evaporator under reduced pressure. The final product was stored in 

a tube at -20 °C. 

 
b. Further synthesis of CoA esters 

The synthesis of the activated hydroxycinnamoyl derivatives caffeoyl- and 4-coumaroyl-CoA 

was carried out according to a modified protocol of Stöckigt and Zenk (1975): 25.2 mg NaHCO3 

was dissolved in 6 ml H2O and treated with a stream of nitrogen through the solution for 15 

minutes. 1 ml of the solution was withdrawn to dissolve 23 mg coenzyme A. This solution was 

added dropwise to the remaining NaHCO3 solution and treated with nitrogen for another 15 

minutes. 56 mg caffeoyl- or 4-coumaroyl-succinimide ester was dissolved in 1-2 ml acetone 

and then added dropwise to the reaction solution. A precipitate was formed. Acetone was 

added until the mixture formed a clear phase. The reaction vessel was then sealed and stored 

in the dark overnight. With the aid of a vacuum centrifuge, the acetone was evaporated again 

until the solution reached its original level or no more acetone odor could be detected. A 

precipitate was again formed. The acetone-free solution was divided into 2 ml reaction tubes, 

centrifuged at 13,000 g for 15 minutes, and the supernatant was transferred to a new reaction 

tube. The solution was adjusted to 4 % ammonium acetate and then transferred to a pre-

equilibrated solid phase extraction CHROMABOND C18 column (Machery & Nagel) for 

purification. Pre-equilibration of the column had been performed with 30 ml methanol, 30 ml 

H2O, and 30 ml 4 % ammonium acetate. After percolation of the reaction solution, the column 

was first washed with ammonium acetate. For this purpose, 12 x 2 ml of a 4 % ammonium 

acetate solution was added to the column and its runs were collected (W1-W12). Then, to 

elute the CoA ester, 12 x 2 ml H2O was applied and each run was collected (E1-E12). A spectrum 

in the range of 200-600 nm was recorded from the collected fractions using a UV-Vis 

photometer in quartz cuvettes and then evaluated to determine the fractions whose spectrum 

corresponds to the desired reaction product. The corresponding fractions were frozen using 

liquid nitrogen and gently dried in a freeze dryer. 
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c. Quantification of concentration 

The dry samples were dissolved in 50-100 µl H2O and subsequently measured photometrically 

again. The samples were diluted 1:1000 or 1:2000 and their concentration was calculated using 

the absorbance at the maximum.   

This is calculated according to the following formula 

𝑐 =  
𝑎𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 ∗ 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟

𝑒𝑥𝑡𝑖𝑛𝑐𝑡𝑖𝑜𝑛 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡
 

with the following extinction coefficients (Stöckigt and Zenk 1975): 

CoA-ester 
absorption maximum 

at  [nm] 

Extinction coefficient                

Ɛ x 106 [cm2 mol-1] 

 caffeoyl-CoA 346 18 

4-coumaroyl-CoA 333 21 

Samples were diluted to a concentration of 10 mM, aliquoted, and stored at -20 °C. 

 

7. Analytical methods 

a. HPLC analysis of enzyme reaction products 

HPLC is a valuable technique used to separate, purify, and analyze compounds in a sample. 

The principle is based on the partitioning of analytes between a stationary phase and a mobile 

phase. The stationary phase is typically a solid material, such as silica, that is packed into a thin 

column. The mobile phase is a liquid, such as water or a mixture of water and an organic 

solvent, that is pumped through the column. The mixture is introduced into the column and 

the mobile phase is passed through with adjustable flow rate. Based on the chemical 

properties of the compounds to be separated they interact differently with the stationary 

phase, causing them to be separated as they travel through the column. The analytes will elute, 

or exit the column, at different times depending on their partitioning between the stationary 

and mobile phases. The properties of the mobile phase can be adjusted to optimize the 

separation of compounds. For example, the addition of an organic solvent to the mobile phase 

can increase the solubility of the analytes in the mobile phase and increase the rate at which 

they elute. HPLC is usually coupled with some form of detector, e.g., an ultraviolet-visible (UV-

Vis) spectrophotometer or flame ionization detector (FID) for quantitative analysis or with a 
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mass spectrometer for qualitative analysis. HPLC analysis requires high pressures, between 

200 and 400 bar, depending on the flow rate, the solvent and the column used. The principle 

of HPLC has undergone several further developments and nowadays there are many different 

systems, e.g., isocratic or gradient solvent delivery, normal phase or reversed phase separation 

columns and preparative or analytical columns. HPLC is a common and widely used technique 

in analytical chemistry and biochemistry for applications such as determining the purity of a 

compound or identifying unknown compounds in a given sample. The methods used in this 

work utilized an analytical C18-reverse phase column (main column length 250 mm, diameter 

4 mm, precolumn length 20 mm, diameter 4 mm, both Equisil ODS 5 μm from Dr. Maisch 

GmbH) with an isocratic flow rate of 1 ml/min coupled with an UV-Vis detector. The mobile 

phase was a methanol-water mixture with ratios ranging from 25 to 50 % methanol and 

additionally containing 0.01 % o-phosphoric acid. Water used was deionized using an ion 

exchanger (stakpure GmbH, Niederahr, Germany) with an EC-value of 0.055 µS/cm. If the 

mobile phase was used immediately, the freshly prepared mobile phase was degassed using 

sonification or let to stand overnight if not used right after production. The flow rate was 1 

ml/min with a detection at 333 nm for analytes containing a caffeoyl moiety and 312 nm for 

p-coumaroyl moiety.  Resulting peaks due to possible product formation were integrated using 

the provided software of the HPLC (Chromaster / Chromquest) and their area was noted for 

further data processing. 

 

b. LC/MS analysis 

In order to verify product formation, samples which showed a potential product peak were 

subjected to analysis via liquid chromatography coupled with a mass spectrometer. The 

analysis was performed using an Agilent HPLC 1260 system equipped with a Multospher 120 

RP18 column (250 × 2 mm; particle size 5 μm) and a diode array detector. The HPLC system 

was additionally coupled with a Bruker Daltonics micrOTOF-Q I MS, which combines a 

Quadrupole ion trap with a Time-of-flight mass detector. For MS analysis, the separated 

molecules were ionized using electro spray ionization. Chromatographic separation was 

achieved using a two-solvent system, where solvent A consisted of water with 0.1 % formic 

acid and solvent B comprised acetonitrile with 0.1 % formic acid. A linear gradient was applied 

for the separation. The runtime in the analytical method was 55 minutes with a flow rate of 

0.25 ml/min. The following gradient program was applied to separate and elute the samples: 
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Program step Gradient 

1 0-40 min: 5 to 100 % B 

2 40-45 min: 100 % B 

3 45-45.1 min: 100 to 5 % B 

4 45.10-55 min: 5 % B 

8. Materials 

a. Buffers and solutions 

I. Potassium phosphate buffer 

Potassium phosphate buffer was used for cell lysis of E. coli cells, for redissolution of proteins 

after cell lysis and for in vitro enzymatic reaction experiments. 

Component Concentration 

potassium dihydrogen phosphate (KH2PO4) 0.1 to 1 mol · l-1 

dipotassium hydrogen phosphate (K2HPO4) 0.1 to 1 mol · l-1 

The components were dissolved in deionized water and mixed in varying proportions to 

achieve the desired pH. It was stored at 4 °C in a refrigerator until used. 

 

II. Bradford solution according to Bradford (1976) 

Bradford reagent was prepared from the following components: 

Component Concentration 

Coomassie Brillant Blue G 250 100 mg · l-1 

Ethanol p.a. 50 ml · l-1 

o-phosphoric acid 85 % 100 ml · l-1 

The prepared solution was filtered twice and stored at 4 °C until use. 
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III. Buffers and solutions for SDS-PAGE 

i. Laemmli buffer according to Laemmli (1970) 

Component Amount 

Tris-HCl 1 M, pH 6.8 2.4 ml 

SDS 0.8 g 

Glycerol 4 ml 

Bromophenol blue 0.01 % 

Water 2.5 ml 

Mercaptoethanol 1 ml 

ii. Agarose gel electrophoresis 

6x Loading Dye 

Component Concentration 

Bromophenol blue 0.03 % (w/v) 

Xylene cyanol FF 0.03 % (w/v) 

Glycerol 60 % (w/v) 

EDTA  60 mM 

iii. Coomassie staining solution 

Component Concentration 

Coomassie-Brilliant Blue R-250 0.25 % 

Methanol 45 vol% 

Glacial acetic acid 10 vol% 

iv. Destaining solution 

Destaining solution corresponds to the staining solution without Coomassie Brilliant Blue. 
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IV. Western blot 

i. Tris buffered saline (TBS) 

Component Amount 

Tris 10 mmol · l-1 

NaCl 154 mmol · l-1 

If necessary, the pH was adjusted to 7.4. 

ii. TBS-T 

TBS-T buffer consisted of TBS buffer with 0.05 % Tween20. 

iii. Transfer buffer 

Component Amount 

Tris 25 mmol · l-1 

Glycin 192 mmol · l-1 

Methanol 20 % 

iv. Blocking buffer 

Blocking buffer used to treat PVDF membranes to eliminate unspecific binding consisted of  

5 % skimmed milk powder (50 g · l-1) dissolved in TBS. It was stored at -20 °C until used and 

was reused up to five times. Solutions older than three months were discarded, regardless of 

whether they had been used up to five times or not. 

 

v. Substrate buffer 

Component Concentration 

Tris 100 mmol · l-1 

NaCl 100 mmol · l-1 

MgCl2 · 6 H2O 5 mmol · l-1 

If necessary, the pH was adjusted to 9.5. 
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V. gDNA extraction 

i. 2x CTAB buffer 

Component Concentration 

CTAB 2 % (w/v) 

Tris/HCl 100 mM (pH 8.0) 

EDTA 20 mM 

NaCl 1.4 M 

Polyvinylpyrrolidone 

(MW 40000) 

1 % (w/v) 

ii. 10x CTAB buffer 

Component Concentration 

CTAB 10 % (w/v) 

NaCl 0.7 M 

iii. High salt PE buffer 

Component Concentration 

Tris/HCl 10 mM (pH 8.0) 

EDTA 1 mM (pH 8.0) 

NaCl 1 M 

iv. CTAB precipitation buffer 

Component Concentration 

CTAB 1 % (w/v) 

Tris/HCl 50 mM (pH 8.0) 

EDTA 10 mM (pH 8.0) 
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VI. Solutions for plasmid isolation according to QIAGEN 

i. Buffer P1 

Component Concentration 

Tris/HCl 50 mM (pH 8.0) 

EDTA x 2 H2O  10 mM 

RNase A 100 µg · ml-1 

ii. Buffer P2 

Component Concentration 

NaOH 200 mM 

SDS 1 % (w/v) 

iii. Buffer N3 (pH 4.8) 

Component Concentration 

Guanidine HCl  4.2 M 

Potassium acetate 0.9 M 

iv. Buffer PB 

Component Concentration 

Guanidine HCl  4.2 M 

Isopropanol 30 % (v/v) 

v.  Buffer PE 

Component Concentration 

Tris/HCl 10 mM (pH 7.5) 

Ethanol  80 % (v/v) 

vi. Cleaning agent for columns 

For cleaning the column 1 M HCl was used. 
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vii. QBT buffer for column regeneration 

Component Concentration 

NaCl 750 mM 

MOPS 50 mM (pH 7.0) 

Ethanol 15 % (v/v) 

Triton X-100 0.15 % (v/v) 

VII. Solutions for metal chelate chromatography using Ni-NTA: 

i. Binding buffer 

Component Concentration 

Potassium phosphate buffer 50 mM (pH 8.0) 

NaCl  300 mM 

Imidazole 10 mM 

ii. Wash buffer 

Component Concentration 

Potassium phosphate buffer 50 mM (pH 8.0) 

NaCl  300 mM 

Imidazole 20 mM 

iii. Elution buffer 

Component Concentration 

Potassium phosphate buffer 50 mM (pH 8.0) 

NaCl  300 mM 

Imidazole 250 mM 

VIII. Buffers for transformation of yeast cells 

i. TE buffer 

TE buffer consisted of 10 mM Tris-HCl and 1 mM EDTA. The pH was adjusted to 8.0. 
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ii. Colony PCR buffer 

Buffer for colony PCR consisted of 100 mM lithium acetate and 1 % SDS. 

IX. Media 

iii. LB 

Overnight cultures and gene expression was performed using standard cultivation media for 

Escherichia coli (lysogeny broth; LB - Bertani 1951). This consisted of the following 

components: 

Component Concentration 

Tryptone 10 g · l-1 

Yeast Extract 5 g · l-1 

NaCl 10 g · l-1 

The medium was adjusted to pH 7.0 with NaOH and autoclaved. For solid media agar was 

added to a concentration of 10 g/l.  

 

iv. LB for transformed E. coli 

Solid LB media were heated in a microwave until liquid and cooled to about 30-35 °C. 50 μl 

IPTG (100 mM), 160 μl X-Gal (50 mg/ml in DMSO), and 500 μl ampicillin (20 mg/ml) were added 

to the solution and mixed before poured into Petri dishes (approximately 5-10 ml). To ensure 

an equal distribution of media the Petri dishes were moved in a circular motion until the 

bottom of the Petri dish was fully covered with medium. Plates were sealed with Nescofilm 

and stored at 4 °C until use. Plates with a significant age were discarded and not used for 

further experiments. 
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v. SOC 

Super optimal broth with catabolite repression (SOC) is a modification of LB media to improve 

the transformation rate and facilitate the growth of bacteria after transformation (Hanahan 

1983). It is composed of the following components: 

Component Concentration 

Tryptone 20 g · l-1 

Yeast Extract 5 g · l-1 

NaCl 0.5 g · l-1 

After adjusting to pH 7.0 using NaOH the following filter-sterilized components were added: 

KCl (final concentration 2.5 mM); MgSO4 (10 mM) and glucose (20 mM). 
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vi. CB-M 

A. agrestis suspension cells were cultivated in CB-M media, which is a modification of CB2 

medium lacking hormones and NZ-amines while only containing 1 % sugar. The components 

are listed below: 

 

Component Concentration 

KNO3 2500 mg · l-1 

MgSO4 ⋅ 7 H2O 250 mg · l-1 

NaH2PO4 ⋅ H2O 172 mg · l-1 

CaCl2 ⋅ H2O 150 mg · l-1 

(NH4)2SO4 134 mg · l-1 

FeSO4 ⋅ 7 H2O 25.6 mg · l-1 

Na2-EDTA 34.3 mg · l-1 

H3BO3 3 mg · l-1 

ZnSO4 ⋅ 7 H2O 3 mg · l-1 

MnSO4 ⋅ H2O 1 mg · l-1 

KI 0.75 mg · l-1 

Na2MoO4 ⋅ 2 H2O 0.25 mg · l-1 

CuSO4 ⋅ 5 H2O 0.25 mg · l-1 

CoCl2 ⋅ 6 H2O 0.25 mg · l-1 

Thiamine-HCl 10 mg · l-1 

Pyridoxine-HCl 1 mg · l-1 

Nicotinic acid 1 mg · l-1 

myo-inositol 100 mg · l-1 

Sucrose 10 g · l-1 

macronutrients 

micronutrients 

vitamins 

additional 
components 
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Prior to sterilization the solution was adjusted to pH 5.5 with KOH. The medium was aliquoted 

to 50 ml in Erlenmeyer flasks and sealed with a cellulose plug prior to autoclaving. 

 

vii. CB2 

Cultivation of Melissa officinalis cells was performed in CB2 medium. CB2 medium has a higher 

sucrose concentration (2 %), additional hormones and NZ-amines. Except for those additional 

components it is equal to CB-M medium. Additional components are used in following 

concentrations: 

Component Concentration 

2,4-Dichlorophenoxyacetic acid (2,4-D) 2 mg · l-1 

1-Naphthylacetic acid (NAA) 0.5 mg · l-1 

Kinetin  0.2 mg · l-1 

Indole-3-acetic acid (IAA) 0.5 mg · l-1 

myo-Inositol 100 mg · l-1 

NZ-amines 2 g · l-1 

Sucrose 20 g · l-1 

The solution was adjusted to pH 5.5 using HCl, aliquoted to 50 ml in Erlenmeyer flasks, sealed 

with a cellulose plug and autoclaved. 

viii. SCDURA and SCGURA  

Galactose was used for SCG (synthetic complete galactose) media and glucose for SCD 

(synthetic complete dextrose) media. The following components are used in indicated 

concentrations: 

Component Concentration 

Yeast nitrogen 

base 

6.7 g · l-1 

Glucose/Galactose 20 g · l-1 

L-adenine 40 mg · l-1 

Amino acid mix 50 g · l-1 

hormones 

additional 
components 
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For solid media agar was added to a concentration of 15 g · l-1.  

The amino acid mix consisted of the following components: 

Amino acid Concentration 

Phenylalanine 50 mg · l-1 

Isoleucine 30 mg · l-1 

Leucine 30 mg · l-1 

Serine 30 mg · l-1 

Threonine 30 mg · l-1 

Tyrosine 30 mg · l-1 

Valine 30 mg · l-1 

Arginine 20 mg · l-1 

Histidine 20 mg · l-1 

Lysine 20 mg · l-1 

Methionine  20 mg · l-1 

Tryptophan 20 mg · l-1 

 

ix. YPAD (Yeast Peptone Adenosine Dextrose) 

Component Concentration 

Tryptone/peptone from casein 20 g · l-1 

Yeast extract 10 g · l-1 

Glucose 20 g · l-1 

L-adenine sulfate 55 mg · l-1 

Agar 15 g · l-1 
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X. Laboratory strains used 

i. Eschericia coli  

Strain Genotype 

BL21(DE3) pLysS F- ompT hsdSB(rB
- mB

-) gal dcm (DE3) pLysS (CamR)  

EZ Competent Cells (Qiagen) 
[F'::Tn10(Tcr) proA+B+lacIqZ∆M15+ recA1 end A1 

hsdR17(rK12-mK12+) lac glnV44 thi-1 gyrA96 relA1 

SoluBL21TM Competent Cells 

(amsbio) 
F- ompT hsdSB (rB- mB-) gal dcm (DE3)† 

OverExpressTM C41(DE3) 

(Lucigen) 
F- ompT gal dcm hsdSB(rB

- mB
-)(DE3) 

OverExpressTM C41(DE3)pLysS 

(Lucigen) 
F- ompT gal dcm hsdSB(rB

- mB
-)(DE3)pLysS (Cmr) 

 

ii. Saccharomyces cerevisiae 

Strain Genotype 

YPH501 
ura3-52 lys2-801amber ade2-101ochre trp1-Δ63 his3-Δ200 leu2-Δ1 

and both the mating types “a” and “α” 
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XI. Plasmid maps of used vectors 

i. pDrive (QIAGEN GmbH) 

 

 
 

ii. pET-15b (NovagenⓇ) 
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iii. pESC-URA (Agilent Technologies, Inc.) 

 
 

iv. pRSET-C (Invitrogen AG) 
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XII. Size markers 

i. Protein size marker 

ROTIⓇMark TRICOLOR 

Size range 10 - 245 kDa (Figure 7) 

Fragments 12 

Additional reference bands 25 kDa (green); 75 kDa (red) 

 

 

 

 

 

 

 

 

 

ii. DNA size marker 

GeneRuler DNA Ladder Mix 

Size range 100 - 10000 bp (Figure 8) 

Fragments 20 

Highlighted reference bands 500 bp; 1000 bp; 3000 bp 

 

 

 

 

 

 

 

 

 

 

Figure 7: Protein fragment 

pattern of ROTIⓇMark 

TRICOLOR after separation. 

Created according to Carl 

Roth GmbH & Co. KG 

Figure 8: DNA fragment pattern 

of GeneRuler DNA Ladder Mix. 

Created according to Thermo 

ScientificTM 

 



 

 81 

XIII. List of chemicals 

Chemical Manufacturer 

1-naphthylacetic acid, NAA Duchefa 

4-coumaroyl-CoA self synthesized 

4-hydroxycinnamic acid Merck 

5-bromo-4-chloro-3-indoxyl β-D-galactopyranoside (X-Gal) Thermo Scientific  

5-bromo-4-chloro-3-indoxyl phosphate (BCIP) Roth 

Acetone Roth  

agar-agar cero 

agarose NEEO Roth 

ammonium acetate Roth 

Ampicillin Fischer Bioreagents 

ampicillin sodium salt Roth 

ascorbic acid Roth 

bromophenol blue Merck 

caffeoyl-CoA own synthesis 

calibration buffer solution pH 10.0 Roth 

calibration buffer solution pH 4.0 Roth 

calibration buffer solution pH 7.0 Roth 

cetyltrimethylammonium bromide (CTAB) Roth  

cobalt(II)chloride Merck 

coenzyme A trilithium salt dehydrate Applichem  

Coomassie brilliant blue G-250 Fluka 

dimethyl sulfoxide (DMSO) Roth 

dipotassium hydrogen phosphate (K2HPO4) Roth 

EDTA disodium salt dihydrate (titriplex III) Roth 

ethanol 96 % Roth 

ethidiumbromide Roth 

ethyl acetate Labochem  

glacial acetic acid Roth 

Glycine Roth 

guanidin HCl Roth 
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guanidine Thiocyanate Roth 

HEPES Roth 

Imidazole Roth 

indole-3-acetic acid (IAA) Duchefa 

isopropanol Merck 

isopropyl-ß-D-thiogalactopyranoside (IPTG) Fermentas 

kinetin (6-furfurylaminopurine)  Duchefa 

lauryl sarcosine Sigma Aldrich 

Lysozyme Roth 

magnesium chloride hexahydrate Roth 

magnesium sulfate heptahydrate Merck 

manganese(II)chloride tetrahydrate Duchefa 

Methanol Fischer Scientific 

myo-inositol Roth 

N,N,N′,N′-tetramethylethylenediamine (TEMED) Roth 

nitrogen (fluid) Linde 

ortho-phosphoric acid  Roth 

potassium acetate Acros 

potassium chloride Roth 

potassium dihydrogen phosphate Roth 

potassium hydroxide Merck 

potassium iodide Merck 

potassium nitrate (KNO3) Roth 

saccharose Aldi Nord 

skim milk powder Spinnrad 

sodium chloride Roth 

sodium dihydrogen phosphate Roth 

sodium dodecyl sulfate Roth 

ß-mercaptoethanol Merck  

tetracycline Sigma chemical 

yeast extract Roth 
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XIV. List of equipment 

Device Model Manufracturer 

agarose gel electrophoresis 

chamber 
multiSUB Midi Cleaver Scientific 

analytical balance Explorer EX2250 OHAUS 

Autoclave 
AL02-02-100 Advantage-Lab  

Systec VX-95 Systec GmbH 

Balance PT310 Sartorius 

benchtop homogeniser  MinilysⓇ Bertin Instruments  

blotting chamber 

Semi-Dry-Blotter 

ROTIPHORESE®PROfessional 

MAXI 

Roth 

burner Flammy DS Schütt 

centrifuge 

Centrifuge 5415 D Eppendorf 

Heraeus Fresco 17 
Thermo Scientific  

Heraeus Pico 17 

3-30KS Sigma 

Micro centrifuge Roth 

freezer (-80°C) C585 Innova New Brunswick Scientific 

gel documentation 

chamber 

FAS-Digi Nippon Genetics 

heat plate with magnetic 

stirrer 
MR 3001 Heidolph Instruments 

horizontal shaker 

HT Indfors 

CertomatrⓇ 
B. Braun Biotech 

International 

Rocker 35 EZ Labnet International, Inc. 

IKA-Schüttler MTS 4 Janke & Kunkel 

HPLC column 
Equisil ODS C18 5µm (250 x 

4 mm) - 20 mm Preculum 
Dr. Maisch HPLC GmbH  

HPLC system 

L-4000 UV Detector 

Merck Hitachi L-6200A intelligent Pump 

D-2500 Chromato-Integrator 
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Spectra System SCM1000 

Thermo Scientific  
SpectraSystem P4000 

Spectra System UV1000 

Spectra System SN4000 

Chromaster 5160 pump + 

organizer  

VWR/Hitachi  

Chromaster 5280 auto 

sampler  

Chromaster 5310 column 

oven  

Chromaster 5430 diode 

array detector 

L-4250 UV-Vis detectror 

Merck Hitachi 
D-6000 interface 

L-6200 intelligent pump 

655a-40 auto sampler 

ice mashine 
AF-80 Scotsman 

RF-0244A Manitowoc 

incubating shaker 
10X 400 Gallenkamp 

HT Ecotron Infors 

laminar flow workbench 
Scanlaf Mars 1200 Runner LaboGene  

Laminar Flow Workstation  Microflow  

lyophylizer Alpha 1-2 Ldplus Christ 

microwave n.a. Bosch 

PCR cycler 
MyCycler  Bio-Rad 

Mastercycler gradient Eppendorf 

pH electrode 
LE438 

Mettler Toledo C351327550 

pH Meter FiveEasy pH/mV  

photoemeter SpecordⓇ 200 Plus  Analytik Jena 

pipettes 

PIPETMAN Classic  Gilson 

eppendorf Research® plus  
Eppendorf 

MultipetteⓇ Plus 
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power Supply 

PS-1302 D Voltcraft 

EV3020 
Consort 

EV2310 

protein electrophoresis 

chamber 

Mini Protean® 3 Cell  Bio-Rad 

PROclamp MINI Roth 

RMS multimeter M9803R n.a. 

rotational vaporizer Rotavapor RE 120 Büchl 

srying oven U40 Memmert 

test tube mixer Vortexgenie 2 Scientific Industries 

thermocycler 
Thermomixer comfort Eppendorf 

uniTHERMIX 2 LLG Labware 

ultrapure water system OmniaPure  Stakpure GmbH 

ultrasonic homogenizer UP200 s Dr. hielscher 

ultrasonic watherbath Sonorex Bandelin 

vacuum centrifuge RVC 2-18 Cdplus Christ 

vacuum pump VDE350 
Greiffenberger 

Antriebstechnnik GmbH 

waterbath Thermomix ME 
B. Braun Biotech 

International 
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XV. List of software 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Software Manufacturer 

Blast National Center for Biotechnology Information 

ChemDraw 21.0 Perkin Elmer 

Chromaster System Manager 1.2 Hitachi High-Tech Science Corporation 

ChromQuest 4.2.34 Thermo Scientific 

DataAnalysis Versionn 4.2 (Build 383.1) Bruker Daltonik GmbH 

GraphPad Prism 9.5.1 (528) GraphPad Software LLC. 

HPLC System Manager Version 4.0 Hitachi ltd. 

Mendeley Reference Manager 2.109.1 Mendeley Ltd. 

Microsoft 365 16.78 (23100802) Microsoft 

SnapGeneViewer 7.0.2 GSL Biotech LLC. 

UniChrom™ 5.0.191166 NAS ltd. 

WinASPECTPLUS 4.2.9.0 Analytik Jena 
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Results 

1. Extraction of RNA from Anthoceros agrestis 

In order to amplify the genes of interest, RNA was extracted from A. agrestis according to 

Chomczynski and Sacchi (1987). Successful extraction was verified by agarose gel 

electrophoresis and the purity of the RNA elucidated by photometric measurements at 260 

and 280 nm. Gel electrophoresis revealed three distinct bands (Figure 9) corresponding to the 

5S rRNA (bands below 500 bp), 18S rRNA (bands below 1000 bp), and 28S rRNA (bands above 

1000 bp), verifying the integrity of the RNA. Extracted RNA was measured for purity and 

concentration by the determination of the ratio of absorption at 260 and 280 nm (Table 1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1: Concentration and purity of extracted RNA samples from A. agrestis, 

Sample 
Concentration 

[ng/µl] 
A260/A280 

1 2018.8 1.56 

2 2168.4 1.54 

3 2897.8 1.54 
4 1798.9 1.55 

5 - - 

6 2277.2 1.48 

 

Sample 3 was used for cDNA synthesis. The synthesized cDNA served as template for 

amplifying genes of interest in PCR experiments. 

Figure 9: Extracted RNA from eight-day-old A. agrestis suspension 

cultures. The first lane represents the DNA size marker, the other lanes 

represent RNA extraction samples. 
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2. pRSET-C vector 

The pRSET-C vector was linearized by restriction digestion with KpnI and XhoI. Successful 

digestion was controlled by agarose gel electrophoresis (see section “Agarose gel 

electrophoresis“, page 34). Fully linearized vectors show one band while non-digested or 

partially digested vectors show multiple bands. This is possible due to supercoiling (a 

phenomenon that refers to the twisting and coiling of the DNA helix) and/or nicked plasmids 

where one DNA strand shows at least one cleavage. Efficiency of vector digestion is dependent 

on the endonuclease activity that differs depending on the buffer used as well as incubation 

time.  A digestion of pRSET-C with KpnI and XhoI incubated overnight showed only one band 

after size separation via gel electrophoresis, whereas non-digested vector showed multiple 

bands (Figure 10). 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10: Gel electrophoresis of pRSET-C vector before and 

after digestion with KpnI and XhoI. The digest was incubated 

overnight. Distinct bands just below 3000 bp represent the 

linearized vector while bands above 10,000 bp indicate the 

presence of a nicked vector. 
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3. pESC-URA vector 

The pESC-URA vector was linearized with the restriction enzymes BamHI and XhoI. An agarose 

gel electrophoresis of digested and non-digested vector shows one distinct band for the 

digested vector indicating a complete digestion. The non-digested vector shows a significant 

band below the actual size of the vector. This represents the vector in a supercoiled state 

whereas the other bands in the lane of the non-digested vector may represent the nicked or 

relaxed circular form or dimers to multimers (Figure 11). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11: Gel electrophoresis of pESC-URA vector 

before and after digestion with BamHI and XhoI. The 

digest was incubated overnight. Distinct bands between 

6,000 and 7,000 bp represent the linearized vector while 

bands above 10,000 bp indicate the presence of nicked, 

relaxed circular plasmid or even dimers to multimers in 

non-digested vector. 
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4. pET-15b vector 

Linearization of the pET-15b vector was performed with the restriction enzymes NdeI and XhoI 

or NdeI and BamHI dependent on the sequence of interest. Successful linearization was 

verified by agarose gel electrophoresis (Figure 12). 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

Figure 12: Gel electrophoresis of pET-15b vector before and 

after digestion. The digest was incubated for 120 minutes. A 

distinct band at 6,000 bp represents the linearized vector 

while a band just below 5,000 bp represents the supercoiled 

form and bands above 10,000 bp indicate the presence of 

either nicked, relaxed circular plasmid or even dimers to 

multimers in non-digested vector. 
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5. Synthesis of donor substrates 

Hydroxycinnamoyl-CoA thioesters were synthesized according to the protocol of Stöckigt and 

Zenk (1975) and purified according to (Beuerle and Pichersky 2002). Elution fractions from 

synthesis of caffeoyl-CoA and 4-coumaroyl-CoA were photometrically measured in a range 

from 200 to 600 nm. For caffeoyl-CoA, fractions that showed absorption maxima at 257 (λmaxI) 

and 346 nm (λmaxII), and for 4-coumaroyl-CoA, fractions with absorption maxima at 261 (λmaxI) 

and 333 nm (λmaxII) were pooled, and the concentration was calculated (see section “Synthesis 

of donor substrates”, page 91). Figure 13 shows examples of the absorption spectrum for 

caffeoyl-CoA (A) and 4-coumaroyl-CoA (B) from pooled fractions. In the example, the 

absorption for caffeoyl-CoA at 346 nm was 0.108 indicating a concentration of 6 µM in the 

measuring cuvette. The dilution factor for photometric measurements was 2000 leading to a 

total concentration of 12 mM for the pooled fractions of caffeoyl-CoA. For 4-coumaroyl-CoA, 

the absorption at 333 nm was 0.693 indicating a concentration of 33 µM. For this example, the 

dilution factor for photometric measurements was 1000 leading to a total concentration of 33 

mM for the pooled fractions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

Figure 13: UV-vis spectrum of pooled fractions from A: caffeoyl-CoA synthesis with absorption maxima at 

wavelengths of 257 (lmaxI) and 346 nm (lmaxII); B: 4-coumaroyl-CoA synthesis with absorption maxima at 

wavelengths of 261 (lmaxI) and 333 nm (lmaxII). A spectrum was recorded from 200 to 600 nm. The graph is only 

shown up to a wavelength of 500 nm. 
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6. Culture characterization of Anthoceros agrestis 

To gain knowledge about rosmarinic acid production in A. agrestis, a culture characterization 

over a period of 18 days was performed. For this, samples of a suspension culture were 

harvested daily and the cells were weighed, shock-frosted and subjected to lyophilization, 

followed by ethanolic extraction and subsequent HPLC analysis to quantify the rosmarinic acid 

content. Furthermore, the media were analyzed for pH, electrical conductivity, and sugar 

content. 

 

a. Parameters of media 

pH, electrical conductivity [mS/cm] and sugar content [%, measured by refractive index] of the 

cell media were plotted against the days of cultivation (Figure 14). During the initial two days 

the pH of the media drops slightly from pH 5.8 (day 0) to 5.5 (day 2) followed by a rise to a pH 

above 8 and reaches a plateau with values between 8.15 (day 6) and 8.37 (day 16). The 

electrical conductivity of the medium started at 3.8 mS/cm (day 0) and decreased to a 

minimum of 1.71 mS/cm, followed by an increase of electrical conductivity to 2.3 mS/cm on 

the last day of cultivation (day 17). 

The sugar content of the media was measured using a refractometer to determine the 

refractive index of the medium. The sugar content started at 1.5 % (day 0 and 1) and 

subsequently decreased until it reached a plateau at 0.3 % (day 8).  

 

 
 
 
 
 
 
 
 
 
 
 

 

Figure 14: A: pH and electrical conductivity (e.c.) of growth media CBM over a cultivation period of 17 days. ● 

represents the pH; ■ represents electric conductivity in mS/cm. B: Sugar content of growth media as % 

measured by its refractive index over the period of cultivation. 
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b. Parameters of growth 

Fresh weight, dry weight and water content of the harvested cells were plotted against the 

cultivation days (Figure 15). Fresh weight started at 3.7 g per flask with just a slight increase to 

4.1 g during the initial three days followed by a significant increase saturating between 11 and 

12 g on the last days of cultivation (Figure 15 A). The dry weight steadily increased from 0.14 

g per flask (day 0) and reached a plateau at 0.34 g (day 5) with just slight increases of weight 

up to a maximum of 0.38 g on day 13. The water content on day zero was at 96.3 %, 

subsequently dropped to 94.5 % on the third day and then increased in a sigmoid fashion and 

reached its maximum at 97.1 % on the last day of cultivation (Figure 15 B). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

c. Content of rosmarinic acid 

The rosmarinic acid content was calculated as percent of the dry weight and plotted against 

the days of cultivation. During the initial phase the rosmarinic acid content decreased from 

3.6 % (day 0) to 2.8 % (day 2) followed by a steep increase at day three and four. The highest 

content was observed from day four to seven with values fluctuating between 3.8 and 4.0 % 

(Figure 16). From day eight on the content of rosmarinic acid subsequently decreased with the 

biggest drop on day 17 to a content of 0.6 %. 
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Figure 15: A: Fresh weight and dry weight of cells over the cultivation period of 17 days. ◆ represents fresh weights in g 

and ⬢ represents dry weights in g x 10. B: Water content of the cells in % over the period of cultivation. 
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7. Influence of electricity on RA production in Melissa officinalis 

Suspension cells of M. officinalis were analyzed for the production of rosmarinic acid (RA) 

under the influence of externally applied direct current. Furthermore, its elicitation potential 

was compared to methyl jasmonate, a chemical known to trigger defense pathways in plants. 

For this, the cells were transferred into laboratory bottles with fresh medium. Bottles 

containing cells to which current was applied were closed with screw caps that contained 

platinum electrodes and were hooked up to a power supply. At the end of the experiment the 

cells were harvested, lyophilized, and analyzed for RA content via HPLC after ethanolic 

extraction. 

The RA content was calculated in percent of dry weight and plotted as a bar chart. For a better 

visualization of the results the untreated control group was set to 100 % (Figure 17) and the 

values for treated cells compared to the control. 
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Figure 16: Content of rosmarinic acid in percent of dry weight over 

the cultivation period of 17 days ± standard error, n=3.  
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Figure 17: Content of rosmarinic acid as percent of the dry weight. “control” represents 

untreated cells; “µA” represents cells that undergone electric stimulation in micro ampere; 

“EtOH” represents cells treated with ethanol (solvent control) and “MeJa” represents cells that 

undergone treatment with methyl jasmonate (in ethanol). Each graph (A-H) represents 

experiments with a different electric current and incubation time. Incubation time equals the 

duration of electric stimulation. Graphs showing two groups represent two experiments 

conducted under the same conditions. The growth medium for MeJa-treated cells contained a 

MeJa concentration of 50 µM, dissolved in ethanol, while the medium for ethanol-treated cells 

was supplemented with an equivalent volume of ethanol (10 µl). 
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Utilizing a current intensity of 1 µA for a duration of 24 hours, a visible difference in rosmarinic 

acid content was observed between the control group and the electrically stimulated cells. The 

cells subjected to electric current exhibited a 20 to 22 % increase compared to the control 

group (Figure 17 A). At a current intensity of 2 µA and the same 24-hour duration, an increase 

of 11 % in RA content was observed compared to the control group (Figure 17 B). Additionally, 

a comparison between electrically treated cells and cells treated with methyl jasmonate 

(MeJa) was performed. MeJa is a derivative of the phytohormone jasmonate and known to 

induce defense mechanisms and specialized metabolic pathways. The MeJa treatment 

resulted in a 62 % increase in RA content compared to the control group. To account for the 

ethanol solvent used to administer MeJa, a control group was included, which received 

ethanol alone. This control group exhibited a RA content of 96% when compared to the 

control.  

Further experiments involved a current intensity of 8 µA for a duration of 72 hours, but it was 

noted that the current intensity decreased to 3 µA at the end of the experiment, with the exact 

time of this change being indeterminate. Despite this, a 36 % increase in RA content was 

observed in the first of the two experiments. The MeJa treatment led to a RA content of 115 % 

compared to the control, while the ethanol treatment resulted in a content of 86 % (Figure 

17 C). In the second experiment under these conditions, the electrical stimulation resulted in 

99 % RA content, whereas the MeJa treatment led to a content of 81 % and the ethanol 

treatment to 63 %. A current intensity of 11 µA for a period of 76 hours in two separate 

experiments showed an increase in RA content in the electrically stimulated cells to 162 and 

134 % compared to the respective control groups. In contrast, MeJa treatment led to a RA 

content of 259 and 225 % compared to the control (Figure 17 D). An experiment conducted 

with current intensities of 20 µA for 72 hours resulted in RA contents of 129 and 113 %, while 

MeJa-treated cells resulted in a RA content of 165 % (Figure 17 E). In the experiments involving 

a current intensity of 40 µA for 72 hours, the first showed a RA content of 85 and 82 %, and 

the second showed contents of 99 and 77 %. MeJa treatment, on the other hand, resulted in 

a 163 % in the first and 188 % in the second experiment compared to the respective control 

(Figure 17 F).  

With a current intensity of 60 µA for 72 hours, the electrically stimulated cells exhibited a 23 

and 10 % increase in RA content compared to the control, while the MeJa treatment resulted 

in cells with an increase of 52 % (Figure 17 G). Lastly, at a current intensity of 80 µA for a 
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72-hour duration, no significant difference was observed in the electrically stimulated cells 

compared to the control. However, MeJa treatment resulted in cells displaying a RA content of 

585% compared to the control group (Figure 17 H). 

In conclusion, a treatment of M. officinalis suspension cultures with externally applied current 

did result in elevated RA production in most experiments except for an electrical stimulation 

of 40 µA for a duration of 72 hours resulting in a diminished RA production compared to 

untreated cells (Figure 17 F). However, the application of the chemical elicitor MeJa resulted 

in RA production more elevated compared to electric stimulation. One exception is the 

experiment in which the electric current dropped mid-experiment in which the electric 

stimulation resulted in a higher RA content compared to the application of MeJa. 

 

8. BAHD acyltransferases in Anthoceros agrestis 

The biosynthetic pathway of rosmarinic acid (RA) in A. agrestis is still not fully understood. For 

Coleus blumei (Lamiaceae) rosmarinic acid synthase (RAS), an enzyme belonging to the BAHD 

acyltransferase family, is known to be responsible for the ester linkage of 4-coumarate with 4-

hydroxyphenyllactate, forming 4-coumaroyl-4'-hydroxyphenyllactate, which is then further 

hydroxylated to RA. However, in A. agrestis, the specific enzyme catalyzing this crucial step in 

the pathway remains unidentified. Therefore, investigations on BAHD acyltransferases to 

determine their specific substrates and resulting product formations are crucial in 

understanding the biosynthesis of RA in A. agrestis. For this, the genome of A. agrestis 

published by the University of Zurich (www.hornworts.uzh.ch) underwent screening for 

conserved motifs typical of BAHD family acyltransferases. Applying these criteria led to the 

identification of several sequences potentially encoding members of the BAHD acyltransferase 

family. The findings from the investigations on these sequences are detailed in the following 

section. 
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a. AaHCT1 

The coding sequence of AaHCT1 exhibits an open reading frame of 1353 nucleotides, 

encoding a peptide sequence of 450 amino acids with a calculated molecular mass of 

49.81 kDa (Figure 18). The calculated isoelectric point is at pH 4.97.  
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I. Amplification of AaHCT1 via PCR 

Using the polymerase chain reaction (PCR) and sequence-specific primers including 5’ KpnI and 

3’ XhoI restriction sites, DNA fragments in the size between 1200 and 1500 base pairs were 

amplified from A. agrestis cDNA (Figure 19). The sequence length of AaHCT1 is 1353 base pairs. 

The cDNA used as a template was synthesized from total RNA.  

AaHCT1 (1353 bp) 

AaHCT1.dna		(Linear	/	1353	bases)
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Figure 18: Coding nucleotide sequence of AaHCT1 and its translation to amino acids. The open reading frame is 

highlighted in yellow, the conserved sequence typical for BAHD acyltransferases HXXXDG is missing in this gene, 

DFGWG is highlighted in green. 

Figure 19: Agarose gel of PCR products from different experimental conditions such as different 

annealing temperatures and the presence or absence of dimethyl sulfoxide (DMSO). Primers 1 and 2  

were used for this PCR (see “Primer list”). 
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After successful ligation into the pDrive vector and transformation of competent E. coli EZ cells, 

the nucleotide sequence was confirmed by sequencing. Following digestion of the pDrive 

plasmid with the restriction enzymes KpnI and XhoI, the target sequence was ligated into 

pRSET-C, which had been previously digested with the same restriction enzymes, and 

transferred into competent E. coli EZ cells. However, the target sequence could not be verified 

via sequencing. Attempts to introduce the target sequence carrying pRSET-C vector into E. coli 

EZ cells by homologous recombination also failed - the target sequence could not be verified 

in the transformed cells. 

Another approach involved the use of an In-Fusion Cloning Kit. After PCR amplification of the 

desired target gene with cDNA from total RNA of A. agrestis as a template, which generated 3' 

and 5' overhangs complementary to the vector, the product was transferred into E. coli EZ cells 

following the manufacturer's protocol. After blue/white selection, plasmid extraction and 

restriction digestion, an insert with a size just below 1500 bp was observed after gel 

electrophoresis (Figure 20). This insert was confirmed as the desired target sequence by 

sequencing. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

pRSET-C vector (2900 bp) 

AaHCT1 (1353 bp) 

Figure 20: Agarose gel after control restriction of pRSET-C vector isolated from transformed E. coli EZ cells. Upper 

bands at 3000 bp represent the vector with a size of 2900 bp. Lower bands at or just below 1500 bp represent 

the gene of interest AaHCT1. 
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Subsequently, the vector carrying the gene of interest was transferred into E. coli cells of the 

SoluBL21 expression strain. After vector isolation, the target sequence was confirmed by 

sequencing. Unfortunately, a successful expression of AaHCT1 was not observed. Varying 

incubation temperature and duration after adding IPTG did not improve protein expression. 

Consequently, the desired protein could not be detected through Western blotting, while 

positive controls showed clear signals. Transforming the bacterial strains E. coli C41(DE3) and 

BL21(DE3)pLysS with the insert-containing vector also did not result in protein expression 

confirmed via Western blotting. The gene of interest was analyzed in terms of codon usage. It 

exhibits codon usage that is 24% below the threshold for E. coli. This means that the frequency 

of certain codons is significantly lower than what is typically expected in E. coli. To optimize 

protein expression in E. coli and ensure efficient gene expression, a codon-optimized synthetic 

gene was ordered. The codon usage was adapted to the preferences of E. coli and was 

expected to improve the expression of the desired protein. The synthetic gene was ordered as 

a gene-carrying pET15b vector and was initially introduced into E. coli EZ cells, where the 

presence of a gene of the appropriate size was confirmed after restriction digestion (with NdeI 

and XhoI) of the vector (Figure 21). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

pET-15b vector (5708 bp) 

AaHCT1 (1353 bp) 

Figure 21: Agarose gel after control restriction of pET-15b vector with the codon-optimized AaHCT1 

sequence isolated from transformed E. coli EZ cells. Upper bands at 6000 bp represent the vector with a 

size of 5708 bp. Lower bands just below 1500 bp represent the gene of interest AaHCT1. 
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Transformation of E. coli SoluBL21 cells with the gene-containing vector was successful. A gene 

of appropriate size could be detected by an agarose gel electrophoresis after vector restriction 

digestion (Figure 22). Sequencing confirmed the nucleotide sequence to be identical to the 

codon-optimized synthetic gene of AaHCT1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Unfortunately, an expression of the desired protein could not be verified by Western blot. 

Therefore, the expression system was changed from a prokaryotic to a eukaryotic system with 

Saccharomyces cerevisiae as host organism for heterologous expression. The gene of interest 

was amplified by PCR with sequence overhangs carrying recognition sites for the restriction 

enzymes BamHI and XhoI (Figure 23). 

 

 

 

 

 

AaHCT1 (1353 bp) 

pET-15b vector (5708 bp) 

Figure 22: Agarose gel after control restriction of pET-15b vector with the codon-

optimized AaHCT1 sequence isolated from transformed E. coli SoluBL21 cells. Upper 

bands at 3000 bp represent the vector with a size of 2900 bp. Lower bands at or just 

below 1500 bp represent the gene of interest AaHCT1 with a size of 1353 bp. 
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After ligation into pDrive and transformation of E. coli EZ cells, vector isolation followed by 

restriction digestion was performed. An agarose gel electrophoresis revealed an insert of the 

appropriate size of AaHCT1 (Figure 24) and its presence was verified by sequencing. 

 

 

 

 

 

 

 

 

 

 

 

 

The gene of interest was ligated into the linearized pESC-URA vector, amplified in E. coli EZ cells 

and subsequently transferred into yeast cells. Isolation and digestion of the insert-carrying 

pESC-URA vector followed by size separation via gel electrophoresis showed an insert of the 

appropriate size (Figure 25) and sequencing of the insert-carrying pESC-URA vector verified 

the sequence to be identical to the synthetic AaHCT1 gene.  

pDrive vector (3851 bp) 

AaHCT1 (1353 bp) 

Figure 23: Agarose gel after PCR amplification of AaHCT1 with primers designed 

to introduce recognition sites for the restriction enzymes BamHI and XhoI 

restriction enzymes. Distinct bands between 1200 and 1500 bp indicate a 

successful amplification. The first lane represents the DNA size marker, the 

three groups of bands represent an amplification with different annealing 

Figure 24: Agarose gel after control restriction of pDrive vector containing the AaHCT1 amplicon 

isolated from transformed E. coli EZ cells. Upper bands above 3000 bp represent the vector with a size 

of 3851 bp. Lower bands just below 1500 bp represent the gene of interest AaHCT1. 
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Successful transformation of yeast cells was verified by performing a colony PCR with primers 

complementary to a DNA section of the vector 5’ and 3’ of the multiple cloning site 2 (MCS2) 

of the pESC-URA vector. This amplifies a sequence of 486 base pairs in case of an empty MCS2. 

Separation via agarose gel electrophoresis revealed distinctive bands just below 2000 bp, 

indicating an insert containing MCS2 (Figure 26). The presence of an empty and insert 

containing MCS2 might be due to picking up at least two colonies with one containing and the 

other missing the insert. However, protein expression of AaHCT1 was still not successful as it 

could not be verified via Western blot.          

 

 

 

 

 

 

 

 

 

 

 

 

pESC-URA vector (6631 bp) 

AaHCT1 (1353 bp) 

Figure 25: Agarose gel after control restriction of pESC-URA vector with the AaHCT1 coding sequence isolated from 

transformed E. coli EZ cells. Upper bands above 6000 bp represent the vector with a size of 6631 bp. Lower bands 

at or just below 1500 bp represent the gene of interest AaHCT1 with a size of 1353 bp. 

 

MCS2 with insert 

MCS2 

Figure 26: Amplification of the multiple cloning site 2 (MCS2) of the pESC-URA vector carrying the 

AaHCT1 coding sequence show distinct bands just below 2000 bp that represent the MCS2 containing 

an insert. Bands just below 500 bp represent amplification of an empty MCS2. Primers 11 and 12 were 

used for this PCR (see “Primer list”). 
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b. AaHCT2 

The coding sequence of AaHCT2 exhibits an open reading frame of 1296 nucleotides, encoding 

a peptide sequence of 431 amino acids with a calculated molecular mass of 47.39 kDa (Figure 

27). The calculated isoelectric point is at pH 5.44.  

 

 

AaHCT2.dna		(Linear	/	1296	bases)

Printed	from	SnapGene®:		19.	Sep	2023		10:21 Page	1

5 ¢ 42
P

M R I E V T Q T T T V R P E

A T G 	 A G G 	 A T T 	 G A A 	 G T C 	 A C T 	 C A G 	 A C G 	 A C G 	 A C T 	 G T T 	 C G G 	 C C G 	 G A G

84

T P T E P Q I L S C S A C D

A C T 	 C C G 	 A C A 	 G A G 	 C C T 	 C A G 	 A T C 	 T T G 	 T C C 	 T G C 	 T C G 	 G C C 	 T G T 	 G A T

126

L F A R P I H V R T V Y F F

C T C 	 T T C 	 G C G 	 C G C 	 C C C 	 A T T 	 C A C 	 G T T 	 C G G 	 A C T 	 G T G 	 T A T 	 T T C 	 T T T

168

G E Q S P G A N D D V V P K

G G A 	 G A G 	 C A A 	 T C T 	 C C A 	 G G A 	 G C G 	 A A T 	 G A C 	 G A T 	 G T T 	 G T T 	 C C C 	 A A G

210

L K E S L A K L L V T F Y A

C T G 	 A A G 	 G A A 	 T C C 	 C T T 	 G C G 	 A A G 	 C T C 	 C T G 	 G T C 	 A C A 	 T T T 	 T A T 	 G C G

252

V A G R V K R K V P G G H E

G T A 	 G C G 	 G G A 	 A G G 	 G T G 	 A A A 	 C G G 	 A A A 	 G T C 	 C C C 	 G G G 	 G G A 	 C A T 	 G A G

294

L V I D C N D A G V E F I E

C T T 	 G T A 	 A T T 	 G A C 	 T G C 	 A A C 	 G A C 	 G C A 	 G G T 	 G T G 	 G A G 	 T T C 	 A T A 	 G A A

336

A V A D G P L S E L G E F R

G C G 	 G T T 	 G C C 	 G A C 	 G G A 	 C C T 	 T T G 	 T C T 	 G A G 	 C T T 	 G G A 	 G A G 	 T T C 	 C G C

378

P N P I F D L L A P K P D T

C C T 	 A A C 	 C C C 	 A T T 	 T T C 	 G A T 	 T T G 	 T T G 	 G C T 	 C C C 	 A A G 	 C C T 	 G A C 	 A C T

420

S L P L E D N A I L Y V Q I

T C C 	 C T C 	 C C T 	 C T T 	 G A G 	 G A C 	 A A T 	 G C C 	 A T C 	 C T A 	 T A T 	 G T G 	 C A G 	 A T C

462

T K F T C G G F C F G L A N

A C T 	 A A G 	 T T C 	 A C A 	 T G C 	 G G T 	 G G A 	 T T C 	 T G C 	 T T C 	 G G T 	 C T T 	 G C T 	 A A T

504

H H T L S D G I S A H N L F

C A T 	 C A T 	 A C T 	 C T A 	 T C C 	 G A T 	 G G G 	 A T T 	 T C A 	 G C T 	 C A C 	 A A C 	 C T T 	 T T C

546

I S W T E V A R G L E I S V

A T C 	 T C T 	 T G G 	 A C T 	 G A G 	 G T C 	 G C A 	 A G A 	 G G C 	 C T G 	 G A G 	 A T C 	 T C G 	 G T C

588

L P N F N H S L L T G A G T

C T T 	 C C C 	 A A C 	 T T C 	 A A C 	 C A T 	 T C G 	 T T G 	 C T T 	 A C A 	 G G T 	 G C T 	 G G G 	 A C T
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AaHCT2.dna		(Linear	/	1296	bases)

Printed	from	SnapGene®:		19.	Sep	2023		10:21 Page	2

630

P V P E K Q P E M L K L R P

C C T 	 G T T 	 C C T 	 G A G 	 A A G 	 C A G 	 C C G 	 G A G 	 A T G 	 C T G 	 A A G 	 C T G 	 A G G 	 C C C

672

T G P P P P M S T R K T K E

A C A 	 G G T 	 C C T 	 C C G 	 C C T 	 C C C 	 A T G 	 T C G 	 A C G 	 A G G 	 A A A 	 A C A 	 A A G 	 G A A

714

G L F T F T P E M I K K V K

G G T 	 T T G 	 T T T 	 A C C 	 T T C 	 A C C 	 C C A 	 G A A 	 A T G 	 A T A 	 A A G 	 A A A 	 G T G 	 A A A

756

A R A I G D G A L G S F T T

G C G 	 A G A 	 G C T 	 A T C 	 G G C 	 G A T 	 G G T 	 G C A 	 C T A 	 G G A 	 T C C 	 T T T 	 A C C 	 A C A

798

F E S L S A H T W R A V V R

T T C 	 G A G 	 A G T 	 C T G 	 T C T 	 G C T 	 C A C 	 A C A 	 T G G 	 A G A 	 G C A 	 G T T 	 G T C 	 C G A

840

A K N L S P T E E A R F F T

G C G 	 A A G 	 A A T 	 C T G 	 A G C 	 C C A 	 A C A 	 G A A 	 G A G 	 G C A 	 A G G 	 T T C 	 T T C 	 A C T

882

T L D S R K R L K P N L P D

A C A 	 T T G 	 G A T 	 A G C 	 A G G 	 A A G 	 A G G 	 C T A 	 A A G 	 C C G 	 A A T 	 C T G 	 C C A 	 G A C

924

G Y Y G N G I M F T Y K E A

G G T 	 T A T 	 T A T 	 G G G 	 A A C 	 G G G 	 A T A 	 A T G 	 T T T 	 A C T 	 T A T 	 A A A 	 G A A 	 G C G

966

T V G D V L T K P L S F S A

A C T 	 G T A 	 G G A 	 G A T 	 G T C 	 C T G 	 A C C 	 A A A 	 C C G 	 C T G 	 T C G 	 T T C 	 T C T 	 G C T

1008

T L V R E A V A K M T S E R

A C C 	 C T A 	 G T T 	 C G T 	 G A A 	 G C T 	 G T G 	 G C A 	 A A A 	 A T G 	 A C C 	 A G T 	 G A G 	 C G C

1050

I K E A I A W A E A Q T S G

A T C 	 A A G 	 G A G 	 G C T 	 A T T 	 G C G 	 T G G 	 G C A 	 G A A 	 G C C 	 C A A 	 A C T 	 T C T 	 G G A

1092

V M V A I N T M G N D V S S

G T T 	 A T G 	 G T G 	 G C C 	 A T C 	 A A C 	 A C T 	 A T G 	 G G G 	 A A C 	 G A T 	 G T C 	 T C C 	 T C T

1134

A A W F R M P F F D T D F G

G C T 	 G C A 	 T G G 	 T T T 	 C G G 	 A T G 	 C C C 	 T T C 	 T T C 	 G A T 	 A C G 	 G A T 	 T T T 	 G G G

1176

Y G K P L F A G P A D N P Y

T A T 	 G G C 	 A A G 	 C C G 	 T T G 	 T T T 	 G C T 	 G G C 	 C C T 	 G C A 	 G A C 	 A A C 	 C C C 	 T A C
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Figure 27: Nucleotide sequence of AaHCT2 and its translation to amino acids. The open reading frame is 

highlighted in yellow, the conserved sequences typical for BAHD acyltransferases HXXXDG (in this case HTLSDG) 

and DFGWG (here DFGYG) are highlighted in green. 

I. Protein expression 

The coding sequence of AaHCT2 was successfully ligated into the pET-15b expression vector 

and subsequently transferred into E. coli SoluBL21 cells. The transformed cells were then 

subjected to protein expression analysis. The successful expression of the target protein was 

confirmed by separation via sodium dodecyl sulfate-polyacrylamide gel electrophoresis 

(SDS-PAGE) followed by Western blot immunodetection (Figure 28). For the latter, specific 

antibodies that recognize the His-tag N-terminally fused to the protein of interest were 

employed, allowing for purification as well as the specific detection and verification of the 

expressed protein. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

AaHCT2.dna		(Linear	/	1296	bases)

Printed	from	SnapGene®:		19.	Sep	2023		10:21 Page	3

1218

N G C I L M L P A P Q P M A

A A T 	 G G T 	 T G T 	 A T T 	 T T G 	 A T G 	 C T T 	 C C G 	 G C A 	 C C G 	 C A G 	 C C C 	 A T G 	 G C T

1260

I N V F I C L W E D D M E R

A T C 	 A A T 	 G T C 	 T T T 	 A T T 	 T G C 	 C T G 	 T G G 	 G A G 	 G A T 	 G A T 	 A T G 	 G A A 	 A G G

3 ¢ 1296

PL E S D E E F L L V N *

T T G 	 G A A 	 A G T 	 G A C 	 G A G 	 G A G 	 T T C 	 C T C 	 C T C 	 G T C 	 A A C 	 T G A

Figure 28: A: SDS-PAGE gel after staining with Coomassie brilliant blue.  

B: Western blot after colorimetric immunodetection via alkaline phosphatase. To 

avoid distractions by samples from other experiments a semi-transparent box was 

added in the center of the SDS-gel and the PVDF membrane. 

A B 
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II. Search for accepted substrates  

Enzyme assays were conducted using a panel of 55 potential acceptor substrates (see section 

“Search for suitable substrates”, page 58) together with caffeoyl-CoA as donor. To assess 

enzymatic product formation, high-performance liquid chromatography (HPLC) coupled with 

UV-vis detection was utilized. A distinctive peak for two substrates, methanol and ethanol, was 

observed that was absent in control samples (Figure 29). The control samples were treated 

with hydrochloric acid prior to the addition of enzyme to inactivate enzymatic activity, thereby 

serving as a reference point. The presence of a peak in the experimental samples but absence 

in control samples suggests enzymatic product formation. Furthermore, the influence of 

incubation time on the enzymatic reaction was investigated. Notably, an intriguing trend 

emerged as the incubation time was varied. An increase in the intensity of the peak of interest 

was observed, indicating a correlation between the duration of incubation and the enzymatic 

product formation (data not shown). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 29: Chromatogram of enzyme reactions with caffeoyl-CoA and A: methanol; B: ethanol catalyzed by AaHCT2 

from crude extract. The black line represents an incubation time of 15 minutes; the grey line represents control 

with incubation time of 0 minnutes. The mobile phase for HPLC measurement consisted of 35 % MeOH + 0.01 % 

H3PO4. The absorption signal was detected at 333 nm. 
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III. LC/MS Analysis 

i. Methylcaffeate 

One of the substrates accepted by AaHCT2 is methanol. Given the reaction is performed 

utilizing caffeoyl-CoA as donor substrate, an ester linkage of caffeate and methanol results in 

a calculated monoisotopic mass of 195.062 Da for methylcaffeate through water elimination. 

Moiety Monoisotopic mass [Da] 

Caffeate 180.042 

Methanol 33.030 

Water - 18.010 

Methylcaffeate 195.062 

 

The samples in LC/MS measurements were deprotonated by electro spray ionization resulting 

in a charged ion with reduced weight by 1 Da. LC/MS data revealed a significant peak for a 

mass of m/z 194.2 [M-H]- for an enzyme reaction incubated for 15 minutes while the control 

(incubation time 0 minutes) was lacking this peak (Figure 30 A). LC/MS data of enzyme assays 

made with crude extracts from cells carrying an empty pET-15b vector did not show a peak for 

the expected product mass of m/z 194.2 [M-H]- (Figure 30 B). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 30: Extracted ion chromatogram (m/z 194.2 [M-H]-) of enzyme assays utilizing caffeoyl-CoA and methanol with 

A: AaHCT2 crude extract and B: crude extract of cells carrying an empty vector. Black lines represent an incubation 

time of 10 minutes, grey lines represent the control with an incubation time of 0 minutes. 
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ii. Ethylcaffeate 

The second substrate accepted by AaHCT2 is ethanol. The reaction performed with caffeoyl-

CoA as donor substrate, an ester linkage of caffeate and ethanol results in a calculated 

monoisotopic mass of 208.074 Da through water elimination. 

Moiety Monoisotopic mass [Da] 

Caffeate 180.042 

Ethanol 46.042 

Water - 18.010 

Ethylcaffeate 208.074 

 

LC/MS data revealed a significant peak for a mass of m/z 207.074 [M-H]- for an enzyme 

reaction incubated for 15 minutes while the control (incubation time 0 minutes) was lacking 

this peak (Figure 31 A). LC/MS data of enzyme assays made with crude extracts from cells 

carrying an empty pET-15b vector did not show a peak for the expected product mass of 

m/z 208.074 [M H]- (Figure 31 B). 

 

 

 

 

 

 

 

 

 

 

 

 

While AaHCT2 accepted methanol and ethanol as acceptor substrates but did not accept larger 

alcohols such as butanol, propanol, and phenyl alcohols. 
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Figure 31: Extracted ion chromatogram (m/z 207.074 [M-H]-) of enzyme assays utilizing caffeoyl-CoA and ethanol 

with A: AaHCT2 crude extract and B: crude extract of cells carrying an empty vector. Black lines represent an 

incubation time of 10 minutes, grey lines represent the control with an incubation time of 0 minutes. 

m/z 207.074 [M-H]- 
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IV. Optimal pH of AaHCT2 

The results obtained from enzyme assays conducted using potassium-phosphate buffers with 

varying pH levels, ranging from 5.5 to 8.5, demonstrate noticeable disparities in the level of 

product formation. Product formation was observed across all tested pH conditions. However, 

notable differences in the amount of product formed were observed, with the lowest at  

pH 5.0 and highest at pH 7.0 (Figure 32 A). 

 

 

 

 

 

 

 

 

 

 

V. Optimal temperature of AaHCT2 

The peak area of enzymatic product formation conducted across a spectrum of incubation 

temperatures ranging from 0 °C (performed on ice) to 55 °C was investigated. Notably, product 

formation was observed even at the lowest and highest tested temperatures (Figure 32 B). 

However, product formation at these temperatures were significantly lower as the optimal 

temperature showed a tenfold increase in product formation compared to 0 °C and 55 °C. 

Highest product formation was observed at 35 °C followed by a significant drop above this 

temperature. This optimal temperature appears to provide an ideal balance between the 

enzyme's catalytic activity and stability, resulting in maximal product formation. 

 

 

 

 

Figure 32: Area of product formed from enzyme reactions utilizing AaHCT2 crude extract with caffeoyl-CoA and 

methanol with A: incubation in buffer of different pH-values ranging from 5.5 to 8.5 (n = 4); B: incubation at different 

temperatures ranging from 0 to 50 °C (n = 4). Plotted values represent mean values ± standard error. 
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c. AaHCT5 

The coding sequence of AaHCT5 exhibits an open reading frame of 1464 nucleotides, encoding 

a peptide sequence of 487 amino acids with a calculated molecular mass of 54.26 kDa (Figure 

33). The calculated isoelectric point is at pH 5.46.  

 
 
 

AaHCT5.dna		(Linear	/	1464	bases)

Printed	from	SnapGene®:		19.	Sep	2023		10:33 Page	1

5 ¢ 42
P

M T R I N Y F A E P S E S E

A T G 	 A C G 	 C G C 	 A T C 	 A A C 	 T A C 	 T T C 	 G C G 	 G A G 	 C C A 	 T C A 	 G A A 	 T C G 	 G A G

84

A N A L R F T H R E M C Y I

G C C 	 A A T 	 G C G 	 C T C 	 C G T 	 T T C 	 A C A 	 C A C 	 C G G 	 G A G 	 A T G 	 T G T 	 T A C 	 A T T

126

A P E K P S E V E Q I P L T

G C G 	 C C A 	 G A G 	 A A G 	 C C G 	 T C T 	 G A G 	 G T T 	 G A G 	 C A G 	 A T T 	 C C T 	 C T C 	 A C C

168

N L D L L M P E M W V P V V

A A T 	 C T C 	 G A C 	 C T G 	 C T G 	 A T G 	 C C A 	 G A G 	 A T G 	 T G G 	 G T G 	 C C G 	 G T C 	 G T C

210

L F F A N R A Q T A E K F Q

C T C 	 T T C 	 T T C 	 G C G 	 A A C 	 A G A 	 G C G 	 C A A 	 A C T 	 G C C 	 G A G 	 A A G 	 T T C 	 C A A

252

E L V Q Q L K S S L A K V L

G A G 	 C T G 	 G T G 	 C A G 	 C A G 	 C T C 	 A A G 	 A G C 	 T C G 	 C T G 	 G C C 	 A A G 	 G T G 	 T T G

294

V P F Y P M A G R I V Y P D

G T C 	 C C C 	 T T C 	 T A T 	 C C C 	 A T G 	 G C C 	 G G G 	 C G A 	 A T T 	 G T G 	 T A C 	 C C T 	 G A C

336

S S A E R P H F L C N D E G

T C C 	 A G T 	 G C C 	 G A A 	 C G C 	 C C G 	 C A C 	 T T T 	 T T G 	 T G C 	 A A C 	 G A C 	 G A A 	 G G A

378

V P F T E A W I D A E M K D

G T G 	 C C G 	 T T C 	 A C G 	 G A A 	 G C C 	 T G G 	 A T C 	 G A T 	 G C C 	 G A G 	 A T G 	 A A G 	 G A T

420

F F G D E N F K P Q P Q L S

T T C 	 T T C 	 G G A 	 G A C 	 G A A 	 A A C 	 T T C 	 A A G 	 C C T 	 C A G 	 C C G 	 C A G 	 C T G 	 T C G

462

G M K A V L D N Y N P R N A

G G G 	 A T G 	 A A G 	 G C G 	 G T T 	 C T G 	 G A C 	 A A C 	 T A C 	 A A T 	 C C G 	 C G C 	 A A C 	 G C G

504

P A V A I Q V T Y F Q K C G

C C T 	 G C T 	 G T T 	 G C C 	 A T C 	 C A G 	 G T G 	 A C C 	 T A C 	 T T C 	 C A G 	 A A G 	 T G C 	 G G G

546

G V A V Q V T W S H T A A D

G G A 	 G T G 	 G C A 	 G T G 	 C A G 	 G T C 	 A C T 	 T G G 	 A G C 	 C A C 	 A C G 	 G C G 	 G C T 	 G A C

588

G F S G F H F F R S W A E M

G G C 	 T T C 	 T C C 	 G G A 	 T T C 	 C A T 	 T T C 	 T T C 	 C G G 	 T C C 	 T G G 	 G C C 	 G A G 	 A T G
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AaHCT5.dna		(Linear	/	1464	bases)

Printed	from	SnapGene®:		19.	Sep	2023		10:33 Page	2

630

T R K G D I S L A P D H R R

A C G 	 C G G 	 A A G 	 G G A 	 G A C 	 A T C 	 T C C 	 C T G 	 G C T 	 C C G 	 G A T 	 C A C 	 C G C 	 A G G

672

E L F H P R N P P K F D D S

G A G 	 C T C 	 T T C 	 C A T 	 C C C 	 C G A 	 A A C 	 C C T 	 C C C 	 A A G 	 T T C 	 G A T 	 G A C 	 T C T

714

L T G V R I A P G N E N F H

C T G 	 A C G 	 G G A 	 G T G 	 C G C 	 A T T 	 G C T 	 C C A 	 G G C 	 A A C 	 G A G 	 A A C 	 T T C 	 C A C

756

E L G N L A L C L F P V A R

G A G 	 C T C 	 G G A 	 A A C 	 C T A 	 G C T 	 T T G 	 T G C 	 T T G 	 T T T 	 C C C 	 G T T 	 G C G 	 A G G

798

E Q T Q K I K E E A V S A I

G A A 	 C A A 	 A C G 	 C A G 	 A A G 	 A T C 	 A A G 	 G A G 	 G A A 	 G C A 	 G T G 	 T C C 	 G C C 	 A T A

840

A R N G E A S S E K P F P P

G C C 	 C G G 	 A A C 	 G G G 	 G A A 	 G C A 	 T C A 	 T C G 	 G A G 	 A A A 	 C C C 	 T T C 	 C C G 	 C C G

882

Y L T T A D C M S A Y I W Q

T A T 	 C T G 	 A C T 	 A C G 	 G C T 	 G A T 	 T G T 	 A T G 	 T C C 	 G C T 	 T A C 	 A T C 	 T G G 	 C A G

924

S I I Q A R G L D A K H K V

A G C 	 A T C 	 A T C 	 C A A 	 G C G 	 C G C 	 G G C 	 T T G 	 G A T 	 G C C 	 A A G 	 C A C 	 A A G 	 G T G

966

R F M T F V D G R K R F L P

C G C 	 T T C 	 A T G 	 A C C 	 T T C 	 G T G 	 G A C 	 G G T 	 A G A 	 A A G 	 C G G 	 T T T 	 C T G 	 C C A

1008

S P E D A S S S L P H N A Y

T C G 	 C C A 	 G A G 	 G A T 	 G C T 	 T C C 	 T C A 	 T C G 	 C T G 	 C C A 	 C A C 	 A A T 	 G C G 	 T A C

1050

F G N F V C F A G A T T T A

T T C 	 G G G 	 A A C 	 T T C 	 G T G 	 T G C 	 T T T 	 G C C 	 G G T 	 G C A 	 A C C 	 A C C 	 A C G 	 G C C

1092

G A L L S K P L A F S A A L

G G A 	 G C T 	 C T G 	 C T C 	 T C C 	 A A G 	 C C A 	 C T C 	 G C T 	 T T C 	 T C G 	 G C A 	 G C T 	 C T G

1134

I H E A V S S V S S I E R Y

A T C 	 C A C 	 G A A 	 G C C 	 G T G 	 T C C 	 T C A 	 G T C 	 A G C 	 A G C 	 A T T 	 G A G 	 C G G 	 T A C
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I. Protein expression 

The sequence of AaHCT5 was successfully amplified from A. agrestis in previous work 

(Pezeshki 2016), ligated into the expression vector pET-15b and transferred into E. coli cells of 

the strain SoluBL21. Formation of the corresponding protein under standard conditions (see 

section “Expression of recombinant proteins”) was confirmed via SDS-PAGE followed by 

Western blot analysis (Figure 34). The His-tag-specific immunodetection revealed distinct 

bands with a protein size below the size marker’s 65 kDa band. 
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Figure 33: Nucleotide sequence of AaHCT5 and its translation to amino acids. The open reading frame is 

highlighted in yellow, the conserved sequences typical for BAHD acyltransferases HXXXDG (in this case HTAADG) 

and DFGWG are highlighted in green. 
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Experimental investigations on potential acceptor substrates, the analysis of 55 substrates (see 

section “Search for suitable substrates”) showed no product formation with any tested 

substrate. To circumvent potential compromises to protein integrity, a His-tag-specific metal 

chelate purification was omitted. Instead, the enzyme assays were performed utilizing crude 

extracts from transformed E. coli cells carrying the AaHCT5 gene. The crude extract 

encompasses a spectrum of proteins, salts, and other molecular entities solubilized during the 

course of the experimental procedure. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 34: Western blot detection of heterologously expressed AaHCT5 protein on a PVDF 

membrane after His-tag specific antibody incubation followed by colorimetric reaction via 

alkaline phosphatase. The first lane represents the protein size marker, the other lanes 

represent AaHCT5 protein from crude extract. 
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d. AaHCT6 

The coding sequence of AaHCT6 exhibits an open reading frame of 1305 nucleotides, encoding 

a peptide sequence of 434 amino acids with a calculated molecular mass of 47.5 kDa (Figure 

35). The calculated isoelectric point is at pH 6.22.  
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Figure 35: Nucleotide sequence of AaHCT6 and its translation to amino acids. The open reading frame is 

highlighted in yellow, the conserved sequences typical for BAHD acyltransferases HXXXDG (in this case HHIADG) 

and DFGWG are highlighted in green. 

 
I. Protein expression 

Through prior work in our lab (Petersen, unpublished data), the gene was successfully 

introduced into the pET-15b vector, and subsequently transferred into E. coli cells of the strain 

SoluBL21. The successful expression of the protein of interest was confirmed via SDS-PAGE 

followed by Western blot analysis, with specific immunodetection of the His-tag (Figure 36). 
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Figure 36: Western Blot: AaHCT6 protein transfer from crude extract separated by SDS-PAGE 

onto PVDF membrane with indirect immunodetection using a His-Tag-specific primary antibody 

and a primary antibody-specific secondary antibody carrying an alkaline phosphatase. After 

incubation with NBT and BCIP purple bands appeared that represent the His-Tag-carrying 

protein AaHCT6 with a molecular weight between the 45 and 65 kDa. Protein transfer of an 

expression from cells carrying an empty vector did not show His-Tag specific bands. 
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II. Search for acceptor substrates 

Out of the 55 tested acceptor substrates three showed a significant peak in HPLC 

chromatograms that were not present in control samples. These substrates are shikimate,  

3-hydroxyanthranilate and 2,3-dihydroxybenzoate (Figure 37). An increase in incubation time 

for these reactions increased the area of the product peak, indicating that product formation 

is dependent on incubation time (data not shown). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

0 2 4 6 8 10

0

2

4

6

8

10

retention time [min]

A
U

 x
 1

0
-4

A 

0 1 2 3 4 5 6 7 8 9 10

0

2

4

6

8

retention time [min]

A
U

 x
 1

0
-4

B 

0 5 10 15

0

1

2

3

retention time [min]

A
U

 x
 1

0
-2

Transform of AaHCT6 Caf 

2,3diOHBenz 0 min vs 15 min

C 

Figure 37: HPLC chromatograms of the enzymatic reactions catalyzed by AaHCT6 crude extract, caffeoyl-CoA 

and A: shikimate; B: 3-hydroxyanthranilate and C: 2,3-dihydroxybenzoate. Solid lines represent reactions with 

an incubation time of 15 minutes, dashed lines represent negative controls with an incubation of 0 mininutes. 

For better visualization the chromatogram of the control was shifted, as indicated by the dotted line. 
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III. Purified protein versus crude extract 

Enzyme assays using proteins purified through nickel-nitrilotriacetic acid (NTA) metal-chelate 

chromatography demonstrated a significant decrease in enzymatic activity, ranging from a 

substantial reduction to complete absence of product formation, compared to assays utilizing 

crude extracts of AaHCT6 expression (Figure 38). Even after adjusting for protein loss during 

purification, a notable reduction in activity ranging from 96% to complete loss was 

observed. Due to these circumstances, further steps for the characterization of AaHCT6 were 

undertaken using crude extracts obtained from protein expression.   
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Figure 38: HPLC chromatogram of the enzyme reaction of 

caffeoyl-CoA and shikimate catalyzed by AaHCT6. The solid line 

represents an enzyme assay utilizing crude extract of a AaHCT6 

expression while the dashed line represents an assay utilizing 

purified protein of AaHCT6. For better visualization the 

chromatogram of the enzyme assay utilizing purified protein 

was shifted, as visualized by the dotted line. 
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IV. AaHCT6 crude extract versus crude extract of empty vector 

In order to rule out a product formation by any other component present in the crude extract 

of an AaHCT6 expression, enzyme assays were performed using crude extracts from protein 

expressions of SoluBL21 cells carrying a pET-15b vector without an insert. This revealed that 

product formation only occurred when crude extracts of cells containing an insert-carrying 

vector was utilized for reaction experiments (Figure 39). 

 

 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

V. LC/MS analysis 

Product formation via linkage of donor and acceptor substrates was investigated using LC/MS 

analysis. Extracted ion chromatograms for the calculated mass of predicted products (see 

below) exhibit distinct peaks at the retention time of the product peak, representing the 

calculated mass (Figure 40 - Figure 45).  

 

 

 

 

 

 

 

Figure 39: Comparison of chromatograms from enzyme assays performed with crude extract form an 

AaHCT6 protein expression and from a protein expression of cells carrying an empty vector. The solid 

lines represent assays with AaHCT6 crude extract; dashed lines represent assays with empty vector crude 

extract. A: Enzyme assay utilizing caffeoyl-CoA as donor and shikimate as acceptor substrate. B: Enzyme 

assay utilizing 4-coumaroyl-CoA as donor and shikimate as acceptor substrate. 
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i. 4-Coumaroylshikimate 

Besides caffeoyl-CoA as donor substrates AaHCT6 also accepted 4-coumaroyl-CoA. For this, an 

ester linkage of 4-coumarate and shikimate results in a calculated monoisotopic mass of 

320.09 Da through water elimination. 

Moiety Monoisotopic mass [Da] 

4-Coumarate 164.047 

Shikimate 174.053 

Water - 18.010 

4-Coumaroylshikimate 320.09 

 

For this reaction the LC/MS data show a significant peak with a mass of m/z 319.09 [M-H]- 

(Figure 40). Formation of 4-coumaroylshikimate could also be verified using a reference 

standard (25 µM) showing a peak with the same mass in LC/MS analysis. 
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Figure 40: Extracted ion chromatogram (m/z 319.09 [M-H]-) for 

enzyme assays of AaHCT6 crude extract utilizing 4-coumaroyl-CoA and 

shikimate (solid black line). The dashed grey line represents the 

4-coumaroylshikimate reference standard. 
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ii. 4-Coumaroyl-3-hydroxyanthranilate 

The linkage of 4-coumarate and 3-hydroxyanthranilate results in a calculated monoisotopic 

mass of 299.08 Da through water elimination. 

 

 

 

 

 

The reaction of 4-coumaroyl-CoA and 3-hydroxyanthranilate reveals a distinct peak in the 

LC/MS data with a mass of m/z 298.08 [M-H]- (Figure 41). Formation of 4-coumaroyl-3-

hydroxyanthranilate could also be verified using a reference standard (25 µM) showing a peak 

with the same mass in LC/MS analysis. The connection of the 4-coumaroyl moiety with 

3-hydroxyanthranilate is possible in two ways, either by an ester bond or an amide bond. In 

LC/MS analysis a chemically synthesized 4-coumaroyl-3-hydroxyanthranilate proven to be 

connected by an amide bond (Ernst et al. 2022) showed the same retention time as the 

product of this enzymatic reaction, verifying an amide bond. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Moiety Monoisotopic mass [Da] 

4-Coumarate 164.047 

3-Hydroxyanthranilate 153.043 

Water - 18.010 

4-Coumaroyl-3-hydroxyanthranilate 299.08 

Figure 41: Extracted ion chromatogram (m/z 298.08 [M-H]-) for 

enzyme assays utilizing AaHCT6 crude extract with 4-coumaroyl-CoA 

and 3-hydroxyanthranilate (solid black line). The dashed grey line 

represents the 4-coumaroylshikimate reference standard.  
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iii. 4-Coumaroyl-2,3-dihydroxybenzoate 

The reaction of 4-coumaroyl-CoA and 2,3-dihydroxybenzoate resulted in an observable peak 

indicating product formation. However, the exact position of the linkage is unclear as there are 

two hydroxyl groups present in the acceptor substrate that could both act as linkage partner. 

Despite knowing the exact position of the linkage an ester results in a calculated monoisotopic 

mass of 300.064 Da via water elimination. 

 

 

 

 

 

 

This reaction reveals a distinct peak in the LC/MS data with a mass of m/z 299.064 [M-H]- 

(Figure 42). However, product formation of 4-coumaroyl-2,3-dihydroxybenzoate could not be 

verified using a reference standard due to the unavailability of this compound. It is also unclear 

at which position the ester linkage occurs. However, it can be cautiously inferred that only one 

of the positions is esterified, as the presence of both possible ester linkages would likely result 

in peaks with different retention times." 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Moiety Monoisotopic mass [Da] 

4-Coumarate 164.047 

2,3-Dihydroxybenzoate 154.027 

Water - 18.010 

4-Coumaroyl-2,3-dihydroxybenzoate 300.064 

0 5 10 15 20 25 30

0

1

2

3

4

5

retention time [min]

in
te

n
s
it

y
 x

 1
0

3

Figure 42: Extracted ion chromatogram (m/z 299.064 [M-H]-) for the 

enzymatic reaction of AaHCT6 crude extract with 4-coumaroyl-CoA 

and 2,3-dihydroxybenzoate. 
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iv. Caffeoylshikimate 

Shikimate is one of three accepted substrates that acts as an acceptor for the enzymatic 

reaction with the donor substrate caffeoyl-CoA. An ester linkage of caffeate and shikimate 

results in a calculated monoisotopic mass of 336.085 Da through water elimination. 

Moiety Monoisotopic mass [Da] 

Caffeate 180.042 

Shikimate 174.053 

Water - 18.010 

Caffeoylshikimate 336.085 

 

For the enzymatic reaction of caffeoyl-CoA and shikimate catalyzed by AaHCT6 the LC/MS data 

show a significant peak with a mass of m/z 335.085 [M-H]- (Figure 43). Formation of 

caffeoylshikimate could be further verified using a reference standard of caffeoylshikimate (25 

µM) showing a peak with the same mass in LC/MS analysis (Figure 43).  

It is important to note that the reference standard and enzyme assay show not just one peak. 

The second peak can be explained by a cis-trans isomerization, leading to different retention 

times. The increased peak area of the second peak in the standard could be due to the age of 

the standard and the associated exposure to light, which promotes isomerization. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

Figure 43: Extracted ion chromatogram (m/z 335.085 [M-H]-) of enzyme 

assays utilizing AaHCT6 crude extract with caffeoyl-CoA and shikimate (solid 

black line). The dashed grey line represents the caffeoylshikimate reference 

standard. 
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v. Caffeoyl-3-hydroxyanthranilate 

3-Hydroxyanthranilate, the second substrate accepted by AaHCT6 forms caffeoyl-3-

hydroxyanthranilate when linked with caffeate which results in an amide linkage to a product 

with a calculated monoisotopic mass of 315.075 Da through water elimination. 

Moiety Monoisotopic mass [Da] 

Caffeate 180.042 

3-Hydroxyanthranilate 153.043 

Water - 18.010 

Caffeoyl-3-hydroxyanthranilate 315.075 

 

For the enzymatic reaction of caffeoyl-CoA and 3-hydroxyanthranliate catalyzed by AaHCT6 the 

LC/MS data show a significant peak with a mass of m/z 314.075 [M-H]- (Figure 44). However, 

the formation of caffeoyl-3-hydroxyanthranilate could not be further verified using a reference 

standard as there was none available for this compound.  

In the context of the reaction involving 4-coumaroyl-CoA with 3-hydroxyanthranilate, the 

potential linkage between these moieties encompasses both ester and amide bonds. The lack 

of a reference standard for either the ester or amide prevents the identification of the specific 

linkage of this reaction. Nevertheless, taking into consideration that AaHCT6 catalyzes the 

amide linkage of a 4-coumaroyl moiety with 3-hydroxyanthranilate it is reasonable to suppose 

the presence of an amide linkage in this particular reaction. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 44: Extracted ion chromatogram (m/z 314.075 [M-H]-) for 

enzyme assays utilizing AaHCT6 crude extract with caffeoyl-CoA and 

3-hydroxyanthranilate to form caffeoyl-3-hydroxyanthranilate. 
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vi. Caffeoyl-2,3-dihydroxybenzoate 

For 2,3-dihydroxybenzoate, the third substrate utilized by AaHCT6, a product formation is 

observed. As for the reaction of 4-coumaroyl-CoA and 2,3-dihydroxybenzoate the position of 

ester linkage is not known as 2,3-dihydroxybenzoate contains two hydroxyl groups serving as 

potential linkage positions. Despite not knowing the exact position, an ester linkage of caffeoyl-

CoA and 2,3-dihydroxybenzoate results in a calculated monoisotopic mass of 316.059 for 

caffeoyl-2,3-dihydroxybenzoate through water elimination. 

Moiety Monoisotopic mass [Da] 

Caffeate 180.042 

2,3-Dihydroxybenzoate 154.027 

Water - 18.010 

Caffeoyl-2,3-dihydroxybenzoate 316.059 

 

For this reaction the LC/MS data show a significant peak with a mass of m/z 315.059 [M-H]- 

(Figure 45). However, the formation of caffeoyl-2,3-dihydroxybenzoate could not be further 

verified using a reference standard due to a lack of availability of the two possibly formed 

compounds. 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 45: Extracted ion chromatogram (m/z 315.059 [M-H]-) for 

enzyme assays utilizing AaHCT6 crude extract with caffeoyl-CoA and  

2,3-dihydroxybenzoate. 
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VI. pH and temperature optima of AaHCT6 

For kinetic measurements it is important to determine the optimal pH for AaHCT6. These 

enzyme assays were performed utilizing caffeoyl-CoA and shikimate with 

potassium-phosphate buffer ranging from pH 5.5 to 8.5. The highest amount of product 

formation was observed utilizing a buffer with a pH of 7.5 (Figure 46 A). 

To determine the optimal temperature, AaHCT6 enzyme assays incubated at varying 

temperatures ranging from 0 °C to 50 °C were performed and analyzed. Product formation was 

observed under all tested incubation temperatures. However, the highest product formation 

was observed with incubation at 35 °C (Figure 46 B). 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 
 
 
 
 
 
 
 

 

 

Figure 46: Area of product formed from enzymatic reactions utilizing AaHCT6 crude extract with 

caffeoyl-CoA and shikimate in potassium phosphate buffer A: with pH ranging from 5.5 to 8.5. Plotted 

values represent mean values ± standard error (n = 4) and B: incubated at temperatures ranging from 

0 to 50 °C. Plotted values represent mean values ± standard error (n = 8). 
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VII. Time-dependence of product formation and test for linearity 

The dependence of product formation on incubation time was investigated for all three 

acceptor substrates showing a product formation catalyzed by AaHCT6. For this, the lowest 

concentration of acceptor substrate that was used in kinetic measurements was applied. The 

peak area of the formed product was plotted against the incubation time, revealing a non-

linear correlation between product formation and incubation time for each substrate (Figure 

47; Figure 48). This correlation was characterized by a rapid initial increase in product 

formation at shorter incubation times, followed by decrease in product formation at longer 

incubation times. For measurements of enzyme kinetics an incubation time within the linear 

phase of product formation was chosen. 
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Figure 47: Peak area and standard error of formed product after varying incubation times for the enzymatic reaction 

of AaHCT6 crude extract with A: shikimate (0.05 mM) and caffeoyl-CoA (0.1 mM) (n = 6); B: 3-hydroxyanthranilate (0.1 

mM) and caffeoyl-CoA (0.2 mM) (n = 4); C: 2,3-dihydroxybenzoate (0.2 mM) and caffeoyl-CoA (0.1 mM) (n = 4). The 

graph trend follows the basic shape of a hyperbolic tangent function beginning with a linear phase of A: 5 min; B: 5 min; 

C: 2 min. All data points represent mean values ± standard error. 
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For the reaction of caffeoyl-CoA with 2,3-dihydroxybenzoate (Figure 47 C) and 4-coumaroyl-

CoA with shikimate (Figure 48 C) the determination of the initial linear phase is not clear. 

However, due to limitations in handling while initiating and terminating the reactions choosing 

a lower incubation time was not possible. Therefore, the initial phase is considered to be linear, 

notwithstanding the possibility that this linear phase might be even shorter. 
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Figure 48: Peak area and standard error of product formed after varying incubation times for the enzymatic 

reaction of AaHCT6 crude extract, 4-coumaroyl-CoA (0.1 mM) and A: shikimate (0.016 mM) (n = 4); 

B: 3-hydroxyanthranilate (0.05 mM) (n = 4) and C: 2,3-dihydroxybenzoate (0.2 mM) (n = 4). The graph trend 

follows the basic shape of a hyperbolic tangent function beginning with a linear phase of A: 1 min; B: 5 min; 

C: 2 min. Plotted values represent mean values ± standard error. 
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VIII. Enzyme kinetics 

i. Kinetics for shikimate 

a. Donor: 4-coumaroyl-CoA 

Enzyme kinetics were measured at concentrations for shikimate ranging from 0 to 6 mM (with 

0.0156 mM for the lowest concentration) and a fixed concentration of 4-coumaroyl-CoA of 

0.1 mM. The peak area of the formed 4-coumaroylshikimate was plotted against the shikimate 

concentration (Figure 49 A). Additionally, the data points were transformed by linearization 

according to Lineweaver-Burk (Figure 49 B) and Hanes-Woolf (Figure 49 C). Analysis according 

to Michaelis-Menten revealed a Km of 24.6 (± 10.4) µM whereas Lineweaver-Burk analysis 

revealed a Km of 21.0 (± 5.7) µM and 57.6 (± 13.0) µM was calculated by Hanes-Woolf analysis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 49: Enzyme kinetics of AaHCT6 with 4-coumaroyl-CoA and shikimate as substrates. Kinetics 

were measured for shikimate and analyzed according to A: Michaelis-Menten; B: Lineweaver-Burk; 

C: Hanes-Woolf. Plotted values represent mean values (n = 6) ± standard error. 
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b. Donor: caffeoyl-CoA 

Enzyme kinetics were measured at concentrations for shikimate ranging from 0 to 20 mM (with 

0.05 mM for the lowest concentration) and a fixed caffeoyl-CoA concentration of 0.1 mM. The 

peak area of the formed caffeoylshikimate was plotted against the shikimate concentration 

(Figure 50 A). Additionally, the data points were transformed by linearization according to 

Lineweaver-Burk (Figure 50 B) and Hanes-Woolf (Figure 50 C). Analysis according to Michaelis-

Menten revealed a Km of 587.0 (± 26.5) µM whereas Lineweaver-Burk analysis revealed a Km 

of 642.8 (± 93.0 ) µM and 592.9 (± 35.5) µM was calculated by Hanes-Woolf analysis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 50: Enzyme kinetics of AaHCT6 with caffeoyl-CoA and shikimate as substrates. Kinetics are 

measured for shikimate and analyzed according to A: Michaelis-Menten; B: Lineweaver-Burk;  

C: Hanes-Woolf. Plotted values represent mean values (n = 6) ± standard error. 
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ii. Kinetics for 3-hydroxyanthranilate 

a. Donor: 4-coumaroyl-CoA 

Enzyme kinetics were measured at concentrations for 3-hydroxyanthranilate ranging from 0 to 

4 mM (with 0.05 mM for the lowest concentration) and a fixed 4-coumaroyl-CoA concentration 

of 0.1 mM. The peak area of the formed 4-coumaroyl-3-hydroxyanthranilate was plotted 

against the 3-hydroxyanthranilate concentration (Figure 51 A). Additionally, the data points 

were transformed by linearization according to Lineweaver-Burk (Figure 51 B) and Hanes-

Woolf (Figure 51 C). Analysis according to Michaelis-Menten revealed a Km of 153.1 (± 33.8) 

µM whereas Lineweaver-Burk analysis revealed a Km of 134.4 (± 9.4) µM and 202.7 (± 34.2) 

µM was calculated by Hanes-Woolf analysis. 
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Figure 51: Enzyme kinetics of AaHCT6 with 4-coumaroyl-CoA and 3-hydroxyanthranilate as 

substrates. Kinetics were measured for 3-hydroxyanthranilate and analyzed according to A: Michaelis-

Menten; B: Lineweaver-Burk; C: Hanes-Woolf. Plotted values represent mean values (n = 12) ± 

standard error. 
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b. Donor: caffeoyl-CoA 

Enzyme kinetics were measured at concentrations for 3-hydroxyanthranilate ranging from 0 to 

4 mM (with 0.1 mM for the lowest concentration) and a fixed caffeoyl-CoA concentration of 

0.2 mM. The peak area of the formed caffeoyl-3-hydroxyanthranilate was plotted against the 

3-hydroxyanthranilate concentration (Figure 52 A). Additionally, the data points were 

transformed by linearization according to Lineweaver-Burk (Figure 52 B) and Hanes-Woolf 

(Figure 52 C). Analysis according to Michaelis-Menten revealed a Km of 761.0 (± 74.7) µM 

whereas Lineweaver-Burk analysis revealed a Km of 871.7 (± 117.6) µM and 780.6 (± 50.8) µM 

was calculated by Hanes-Woolf analysis. 
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Figure 52: Enzyme kinetics of AaHCT6 with caffeoyl-CoA and 3-hydroxyanthranilate as substrates. Kinetics were 

determined for 3-hydroxyanthranilate and analyzed according to A: Michaelis-Menten; B: Lineweaver-Burk; C: 

Hanes-Woolf. Plotted values represent mean values (n = 6) ± standard error. 
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iii. Kinetics for 2,3-dihydroxybenzoate 

a. Donor: 4-coumaroyl-CoA 

Enzyme kinetics were measured at concentrations for 2,3-dihydroxybenzoate ranging from 0 

to 8 mM (with 0.2 mM for the lowest concentration) and a fixed 4-coumaroyl-CoA 

concentration of 0.1 mM. The peak area of the formed product was plotted against the 

2,3-dihydroxybenzoate concentration (Figure 53 A). Additionally, the data points were 

transformed by linearization according to Lineweaver-Burk (Figure 53 B) and Hanes-Woolf 

(Figure 53 C). Analysis according to Michaelis-Menten revealed a Km of 1025.9 (± 59.7) µM 

whereas Lineweaver-Burk analysis revealed a Km of 364.0 (± 22.0) µM and 1033.7 (± 57.4) µM 

was calculated by Hanes-Woolf analysis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 53: Enzyme kinetics of AaHCT6 with 4-coumaroyl-CoA and 2,3-dihydroxybenzoate as 

substrates. Kinetics were measured for 2,3-dihydroxybenzoate and analyzed according to                          

A: Michaelis-Menten; B: Lineweaver-Burk; C: Hanes-Woolf. Plotted values represent mean values 

(n = 6) ± standard error. 
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b. Donor: caffeoyl-CoA 

Enzyme kinetics were measured at concentrations for 2,3-dihydroxybenzoate ranging from 0 

to 8 mM (with 0.2 mM for the lowest concentration) and a fixed caffeoyl-CoA concentration of 

0.1 mM. The peak area of the formed caffeoyl-2,3-dihydroxybenzoate was plotted against  

the 2,3-dihydroxybenzoate concentration (Figure 54 A). Additionally, the data points were 

transformed by linearization according to Lineweaver-Burk (Figure 54 B) and Hanes-Woolf 

(Figure 54 C). Analysis according to Michaelis-Menten revealed a Km of 686.7 (± 38.2) µM 

whereas Lineweaver-Burk analysis revealed a Km of 661.5 (± 124.3) µM and 747.5 µM (± 50.8) 

was calculated by Hanes-Woolf analysis. 
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Figure 54: Enzyme kinetics of AaHCT6 with caffeoyl-CoA and 2,3-dihydroxybenzoate as substrates. 

Kinetics were determined for 2,3-dihydroxybenzoate according to A: Michaelis-Menten; B: Lineweaver-

Burk; C: Hanes-Woolf. Plotted values represent mean values (n = 12) ± standard error. 
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iv. Kinetics for 4-coumaroyl-CoA 

a. Acceptor: shikimate 

Kinetic measurements were conducted at concentrations ranging from 0 to 0.2 mM (with 

0.01 mM for the lowest concentration) 4-coumaroyl-CoA and a fixed concentration for 

shikimate of 0.4 mM. The peak area of the formed 4-coumaroylshikimate was plotted against 

the 4-coumaroyl-CoA concentration (Figure 55 A). Additionally, the data points were 

transformed by linearization according to Lineweaver-Burk (Figure 55 B) and Hanes-Woolf 

(Figure 55 C). Analysis according to Michaelis-Menten revealed a Km of 14.4 (± 1.4) µM whereas 

Lineweaver-Burk analysis revealed a Km of 34.0 (± 12.9) µM and 5.1 (± 1.3) µM was calculated 

by Hanes-Woolf analysis. 
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Figure 55: Enzyme kinetics of AaHCT6 with 4-coumaroyl-CoA and shikimate as substrates. Kinetics 

were measured for 4-coumaroyl-CoA and analyzed according to A: Michaelis-Menten; B: Lineweaver-

Burk; C: Hanes-Woolf. Plotted values represent mean values (n = 12) ± standard error. 
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b.  Acceptor: 3-hydroxyanthranilate 

Kinetic measurements were conducted at concentrations ranging from 0 to 0.14 mM (with 

0.02 mM for the lowest concentration) 4-coumaroyl-CoA and a fixed concentration for 

3-hydroxyanthranilate of 0.4 mM. The peak area of the formed 4-coumaroyl-3-hydroxy-

anthranilate was plotted against the 4-coumaroyl-CoA concentration (Figure 56 A). 

Additionally, the data points were transformed by linearization according to Lineweaver-Burk 

(Figure 56 B) and Hanes-Woolf (Figure 56 C). Analysis according to Michaelis-Menten revealed 

a Km of 29.3 (± 6.6) µM whereas Lineweaver-Burk analysis revealed a Km of 34.5 (± 5.0) µM and 

34.5 (± 5.2) µM was calculated by Hanes-Woolf analysis. 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 56: Enzyme kinetics of AaHCT6 with 4-coumaroyl-CoA and 3-hydroxyanthranilate as substrates. 

Kinetics were determined for 4-coumaroyl-CoA according to A: Michaelis-Menten; B: Lineweaver-

Burk; C: Hanes-Woolf. Plotted values represent mean values (n = 9) ± standard error. 
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c. Acceptor: 2,3-dihydroxybenzoate 

Kinetic measurements were conducted at concentrations ranging from 0 to 0.8 mM (with 

0.02 mM for the lowest concentration) 4-coumaroyl-CoA and a fixed concentration for 

2,3-dihydroxybenzoate of 0.4 mM. The peak area of the formed product was plotted against 

the 4-coumaroyl-CoA concentration (Figure 57 A). As observable from Figure 57 A, substrate 

saturation had not yet been achieved at 0.8 mM 4-coumaroyl-CoA with 2,3-dihydroxybenzoate 

as acceptor substrate. Additionally, the data points were transformed by linearization 

according to Lineweaver-Burk (Figure 57 B) and Hanes-Woolf (Figure 57 C). Analysis according 

to Michaelis-Menten revealed a Km of 388.7 (± 44.1) µM whereas Lineweaver-Burk analysis 

revealed a Km of 125.6 (± 29.4) µM and 323.0 (± 31.5) µM was calculated by Hanes-Woolf 

analysis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 

 

 
 
 
 
 

Figure 57: Enzyme kinetics of AaHCT6 with 4-coumaroyl-CoA and 2,3-dihydroxybenzoate as 

substrates. Kinetics were measured for 4-coumaroyl-CoA and analyzed according to A: Michaelis-

Menten; B: Lineweaver-Burk; C: Hanes-Woolf. Plotted values represent mean values (n = 12) 

± standard error. 
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v. Kinetics for caffeoyl-CoA 

a. Acceptor: shikimate 

Kinetic measurements were conducted at concentrations ranging from 0 to 0.8 mM (with 

0.02 mM for the lowest concentration) caffeoyl-CoA and a fixed concentration for shikimate of 

0.4 mM. The peak area of the formed caffeoylshikimate was plotted against the caffeoyl-CoA 

concentration (Figure 58 A). Additionally, the data points were transformed by linearization 

according to Lineweaver-Burk (Figure 58 B) and Hanes-Woolf (Figure 58 C). Analysis according 

to Michaelis-Menten revealed a Km of 191.9 (± 16.2) µM whereas Lineweaver-Burk analysis 

revealed a Km of 234.9 (± 18.0) µM and 192.0 (± 17.1) µM was calculated by Hanes-Woolf 

analysis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 58: Enzyme kinetics of AaHCT6 with caffeoyl-CoA and shikimate as substrates. Kinetics were 

determined for caffeoyl-CoA according to A: Michaelis-Menten; B: Lineweaver-Burk; C: Hanes-Woolf. 

Plotted values represent mean values (n = 18) ± standard error. 
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b. Acceptor: 3-hydroxyanthranilate 

Measurements on enzyme kinetics were conducted at concentrations ranging from 0 to 0.8 

mM (with 0.02 mM for the lowest concentration) caffeoyl-CoA and a fixed concentration for 

3-hydroxyanthranilate of 0.4 mM. The peak area of the formed caffeoyl-3-hydroxyanthranilate 

was plotted against the caffeoyl-CoA concentration (Figure 59 A). Full saturation could not be 

achieved with 0.8 mM caffeoyl-CoA. Additionally, the data points were transformed by 

linearization according to Lineweaver-Burk (Figure 59 B) and Hanes-Woolf (Figure 59 C). 

Analysis according to Michaelis-Menten revealed a Km of 314.4 (± 28.7) µM whereas 

Lineweaver-Burk analysis revealed a Km of 459.3 (± 120.6) µM and 343.3 (± 15.6) µM was 

calculated by Hanes-Woolf analysis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 59: Enzyme kinetics of AaHCT6 with caffeoyl-CoA and 3-hydroxyanthranilate as substrates. 

Kinetics were analyzed for caffeoyl-CoA according to A: Michaelis-Menten; B: Lineweaver-Burk;  

C: Hanes-Woolf. Plotted values represent mean values (n = 12) ± standard error. 
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c. Acceptor: 2,3-dihydroxybenzoate 

Kinetic measurements were conducted at concentrations ranging from 0 to 0.8 mM (with 

0.02 mM for the lowest concentration) caffeoyl-CoA and a fixed concentration for 

2,3-dihydroxybenzoate of 0.4 mM. The peak area of the formed product was plotted against 

the caffeoyl-CoA concentration (Figure 60 A). Additionally, the data points were transformed 

by linearization according to Lineweaver-Burk (Figure 60 B) and Hanes-Woolf (Figure 60 C). 

Analysis according to Michaelis-Menten revealed a Km of 171.9 (± 13.2) µM whereas 

Lineweaver-Burk analysis revealed a Km of 161.9 (± 12.9) µM and 162.4 (± 15.7) µM was 

calculated by Hanes-Woolf analysis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

Figure 60: Enzyme kinetics of AaHCT6 with caffeoyl-CoA and 2,3-dihydroxybenzoate as substrates. 

Kinetics were measured for caffeoyl-CoA and analyzed according to. A: Michaelis-Menten; 

B: Lineweaver-Burk; C: Hanes-Woolf. Plotted values represent mean values (n = 12) ± standard error. 
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IX. Summary of enzyme kinetics 

The Km values were calculated using different models such as Michaelis-Menten, Lineweaver-

Burk, and Hanes-Woolf, and are reported in μM ± standard error. The following table displays 

the affinities of the enzyme for the respective donor (4-coumaroyl-CoA, caffeoyl-CoA) and 

acceptor (shikimate, 3-hydroxyanthranilate, 2,3-dihydroxybenzoate) substrate. The 

determined Km values vary depending on the model used and provide insight into the catalytic 

efficiency of the enzyme for the different substrate pairs. 

 
Table 2: Km values for donor and acceptor substrates utilized by AaHCT6 calculated according to different models 

by Michaelis-Menten, Lineweaver-Burk and Hanes-Woolf. Km values are displayed in µM ± SE. MM = Michaelis-

Menten; LB = Lineweaver-Burk; HW = Hanes-Woolf. 

Km for with MM [µM] LB [µM] HW [µM] 

Shikimate 4-Coumaroyl-CoA 24.6 ± 10.4 21.0 ± 5.7 57.6 ± 13.0 

Shikimate Caffeoyl-CoA 587.0 ± 26.5 642.8 ± 93.0 592.9 ± 35.5 

3-Hydroxyanthranilate 4-Coumaroyl-CoA 153.1 ± 33.8 134.4 ± 9.4 202.7 ± 34.2 

3-Hydroxyanthranilate Caffeoyl-CoA 761.0 ± 74.7 871.7 ± 117.6 780.6 ± 50.8 

2,3-Dihydroxybenzoate 4-Coumaroyl-CoA 1025.9 ± 59.7 364.0 ± 22.0 1033.7 ± 57.4 

2,3-Dihydroxybenzoate Caffeoyl-CoA 686.7 ± 38.2 661.5 ± 124.3 747.5 ± 50.8 

4-Coumaroyl-CoA Shikimate 14.4 ± 1.4 34.0 ± 12.9 5.1 ± 1.3 

4-Coumaroyl-CoA 3-Hydroxyanthranilate 29.3 ± 6.6 34.5 ± 5.0 34.5 ± 5.2 

4-Coumaroyl-CoA 2,3-Dihydroxybenzoate 388.7 ± 44.1 125.6 ± 29.4 323.0 ± 31.5 

Caffeoyl-CoA Shikimate 191.9 ± 16.2 234.9 ± 18.0 192.0 ± 17.1 

Caffeoyl-CoA 3-Hydroxyanthranilate 314.4 ± 28.7 459.3 ± 120.6 343.3 ± 15.6 

Caffeoyl-CoA 2,3-Dihydroxybenzoate 171.9 ± 13.2 161.9 ± 12.9 162.4 ± 15.7 
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e. AaHCT7 

The coding sequence of AaHCT7 exhibits an open reading frame of 1281 nucleotides, encoding 

a peptide sequence of 426 amino acids with a calculated molecular mass of 46.05 kDa (Figure 

61). The calculated isoelectric point is at pH 6.43. 
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I. Amplification of AaHCT7 via PCR 

Using the polymerase chain reaction (PCR) and sequence-specific primers, DNA fragments 

between 1200 and 1500 base pairs were amplified from A. agrestis cDNA (Figure 62). The 

cDNA used as a template was synthesized from total RNA. 
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Figure 61: Nucleotide sequence of AaHCT7 and its translation to amino acids. The open reading frame is 

highlighted in yellow, the conserved sequences typical for BAHD acyltransferases HXXXDG (in this case HQVADG) 

and DFGWG are highlighted in green. 

 

Figure 62: Agarose gel with PCR products of AaHCT7. PCR was 

performed with an annealing temperature of 49 °C. Primers 9 and 

10 were used for this PCR (see “Primer list”). 

 

AaHCT7 
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The corresponding bands were extracted, ligated into pDrive and transferred into E. coli EZ 

cells. After isolation of the introduced pDrive vector, the nucleic acid sequence of AaHCT7 was 

confirmed as insert by sequencing. After restriction digestion of the isolated pDrive vector 

(Figure 63) the insert was ligated into pET-15b and transferred into E. coli EZ cells. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 63: Agarose gel after control restriction of pDrive vector 

carrying AaHCT7 isolated from transformed E. coli EZ cells. 

Upper bands just below 4000 bp represent the vector with a size 

of 3850 bp. Lower bands between 1200 and 1500 bp represent 

the gene of interest AaHCT7 with a size of 1281 bp. 
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Restriction digestion after isolation of the recombinant vector revealed an insert with the 

expected size (Figure 64). However, no insert corresponding to AaHCT7 could be confirmed by 

sequencing. The failure to confirm the presence of the AaHCT7 gene in the recombinant vector 

by sequencing prompted additional analyses. It was revealed that the gene of interest had 

been inversely incorporated into the vector, as the reverse complement of the sequence 

obtained from sequencing was identical to AaHCT7. Due to time restrictions AaHCT7 could not 

be analyzed further. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 64: Agarose gel after control restriction of insert-

containing pET15-b vector isolated from transformed E. coli EZ 

cells. Upper bands represent the vector with a size of 5708 bp. 

Lower bands between 1200 and 1500 bp represent AaHCT7. 
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Discussion 

1. Rosmarinic acid and hydroxycinnamoyltransferases 

The biosynthetic pathway for rosmarinic acid (RA) has been extensively studied, particularly in 

the plant Coleus blumei of the Lamiaceae family. While this pathway is generally accepted, it 

is crucial to note that to date, Coleus blumei stands as the only species where all these enzymes 

involved in RA production have been proven (Petersen et al. 1993). Research on Melissa 

officinalis (Weitzel 2009) and Salvia miltiorrhiza (Zhao et al. 2006; Huang et al. 2008; Song and 

Wang 2011; Song et al. 2012; Song and Li 2015) suggest a potential generality of this pathway 

at least within the Lamiaceae plant family. 

It has been demonstrated that rosmarinic acid synthase (RAS) catalyzes the linkage of 4-

coumaroyl-CoA and 4-hydroxyphenyllactic acid, rather than the initially proposed 3,4-

dihydroxyphenyllactic acid linkage (Petersen et al. 1993; Petersen 1997; Petersen and 

Simmonds 2002). 

In general, caffeate derivatives have long been acknowledged as significant chemotaxonomic 

markers within the plant family of Lamiaceae, as this compound class plays a crucial role in the 

classification of Lamiaceae species, contributing to the understanding of their relationships. 

Rosmarinic acid (RA) was initially proposed as a chemotaxonomic marker, particularly within 

the Nepetoideae subfamily. This association was drawn based on similarities with nepetoidin 

A and B being unique to the Nepetoideae subfamily, while noticeably absent in other 

subfamilies, such as Symphorematoideae, Viticoideae, Ajugoideae, Prostantheroideae, 

Scutellarioideae and Lamioideae subfamilies (Grayer et al. 2003). A comprehensive screening 

of 127 Nepetoideae species demonstrated a dominant presence of RA, with 110 of them 

containing this compound (Pedersen 2000). Contrary to initial expectations, RA's distribution 

extends beyond the Nepetoideae subfamily, encompassing various plant species from 

different families. It has been identified in plants of the Boraginaceae (Litvinenko et al. 1975), 

Blechnaceae family (Harborne 1966; Häusler et al. 1992), Zosteraceae (Ravn et al. 1994), 

Chloranthaceae (Zhu 2008), Cucurbitaceae (De Tommasi et al. 1991), Asteraceae (Rubio 1992), 

Rosaceae (Amzad Hossain et al. 2009), and even in hornworts (Anthocerophyta) (Trennheuser 

1992). A more detailed list of plant families and species in which RA has been found is provided 

in a publication from Petersen (2013). 

This widespread occurrence challenges the validity of RA as a singular chemotaxonomic 

marker within the plant kingdom. The underlying mechanisms influencing the presence or 
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absence of RA in different plant families remain unclarified. Whether this distribution is a result 

of convergent or divergent evolution necessitates further investigation to unravel the complex 

evolutionary patterns governing the presence of RA across diverse taxa. 

Investigations on Salvia miltiorrhiza have revealed the presence of multiple phenolic acids, 

namely salvianolic acids A to K, with salvianolic acid B identified as the most stable compound 

(MEIm et al. 2019). These phenolic acids are probably synthesized through the rosmarinic acid 

pathway, with RA serving as an intermediate stage. However, despite this knowledge, the 

details of this pathway and the enzymes orchestrating its progression remain elusive (Xu et al. 

2018). The regulatory mechanisms governing the biosynthetic pathway of RA in Salvia 

miltiorrhiza are not fully elucidated. Existing studies suggest an essential role for each 

enzymatic step, emphasizing the complexity of the regulatory network (Huang et al. 2008). 

Hydroxycinnamoyltransferases (HCTs) are essential enzymes in the phenylpropanoid 

metabolism of plants. Essential enzymes typically exhibit high substrate specificity. However, 

HCTs, as demonstrated by Sander and Petersen (2011), showcase the unique ability to utilize 

substrates beyond their native specificity. It was shown that a HCT from Plectranthus 

scutellarioides, rosmarinic acid synthase (RAS), exhibits a substrate promiscuity as it links CoA-

activated phenylpropenoic acids with D-(hydroxy)phenyllactates forming esters but also 

catalyze amide formation utilizing amino acids such as D-phenylalanine, D-tyrosine, and D-

DOPA. Another HCT, a hydroxycinnamoyl-CoA:shikimate hydroxycinnamoyltransferase (HST), 

accepted CoA-activated cinnamic, 4-coumaric, caffeic, ferulic and sinapic acid as donor and 

shikimate as acceptor substrate, but not quinate. 

A substrate promiscuity for HCTs was also observed in work of Landmann et al. (2011). It has 

been shown that one acyltransferase from Lavandula angustifolia containing motifs 

characteristic for enzymes of the BAHD family showed a broad substrate promiscuity accepting 

(hydroxy)cinnamoyl-CoA as acyl donor and several acceptor substrates, such as tyramine, 

tryptamine, phenethylamine and anthranilic as well as shikimic acid and 4-hydroxyphenyllactic 

acid. In this study, ester and amide formation is also observed depending on the utilized 

substrate.  The fact that HCTs can exhibit a broad substrate promiscuity and that the acylation 

of oxygen and nitrogen containing substrates is one of the most common types of modification 

of specialized metabolites this adds a layer of complexity to their functional role within various 

pathways.  
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Crystallization experiments conducted by Chiang et al. (2018) provided important insights into 

HCT’s tertiary structures. The study encompassed HCTs from various plants, namely Coleus 

blumei, Arabidopsis thaliana, Coffea canephora, Sorghum bicolor, and Selaginella 

moellendorffii, in both their apo and holo forms, revealing a conserved arginine residue playing 

a significant role in substrate recognition. This arginine residue exhibits a dynamic swing 

motion, facilitating acceptor binding by establishing salt bridges resulting in the substrate 

being in a proper position and orientation to the catalytic site of the protein. Chiang et al. 

(2018) also demonstrated that this arginine handle is involved in the utilization of non-native 

substrates such as 3-hydroxyacetophenone (3-HAP). However, since the binding of 3-HAP 

occurs relatively far away from the catalytic center it remains unclear how the substrate 

interacts with its donor substrate 4-coumaroyl-CoA. Furthermore, the flexibility of this arginine 

residue varies among different HCTs, suggesting each HCT possessing a unique substrate 

profile. It was demonstrated that HCTs can interact with substrates beyond their catalytic 

center. Furthermore, the flexibility of the arginine residue enables conformational changes, 

exposing additional binding sites for non-native substrates.  

Research conducted by Chao et al. (2021) significantly expanded our understanding of HCTs in 

Populus trichocarpa. The presence of 10 HCT homologs within the poplar genome is suggested 

to be a result of genome and tandem duplication processes, contributing to the plant's 

functional diversity. Motif analysis, phylogenetics, and expression profiling unveiled different 

roles for specific homologs. Notably, PoptrHCT1 and PoptrHCT2 were demonstrated to be 

involved in lignin biosynthesis, while PoptrHCT9 and PoptrHCT10 are associated with plant 

development and responses to cold stress. PoptrHCT1 was demonstrated to exhibit catalytic 

activity in forming caffeoylshikimate utilizing caffeoyl-CoA and shikimate as substrates. 

However, alternative substrates remain unexplored in this report. 

The conserved role of hydroxycinnamoyl-CoA:shikimate HCTs across all land plants is essential 

in monolignol biosynthesis. Collaborating with 4-coumaroyl-3-hydroxylase (C3H), these 

enzymes direct the mass flux from H monolignol to G and S monolignols. HCT's catalysis of the 

coupling between 4-coumaroyl-CoA and shikimate, as demonstrated by Hoffmann et al. (2003, 

2004), plays a central role in the phenylpropanoid pathway. The transesterification of 

caffeoylshikimate and coenzyme A to form caffeoyl-CoA, based on in vitro activity, as reported 

by Lepelley et al. (2007) and Wang et al. (2014) may be reversible. A conversion of 

caffeoylshikimate and 4-coumaroylshikimate to caffeoyl-CoA and 4-coumaroyl-CoA, 
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respectively, was observed, however, it was very slow (Wang et al. 2014). Since this conversion 

is very low it is doubtful that this plays a significant role in lignin biosynthesis. Investigations in 

A. thaliana revealed the presence of a caffeoylshikimate esterase (CSE) converting 

caffeoylshikimate to caffeate and shikimate (Vanholme et al. 2013). It has been shown that 

mutants missing the CSE gene had a reduced lignin content compared to the wildtype. 

Furthermore, it has been demonstrated that CSE mutants showed an accumulation of 

caffeoylshikimate. 

Other investigations demonstrated the presence of CSE in several plants such as Medicago 

truncatula, Populus deltoides and Panicum virgatum (Ha et al. 2016). Phylogenetic analysis 

revealed the presence of CSE and CSE-like proteins in multiple plant species, indicating a 

conservation of CSE function across monocots and dicots. For the plant M. truncatula a loss of 

CSE resulted in dwarfing phenotypes indicating an importance in plant growth and 

development (Ha et al. 2016). The study also conducted investigations on Brachypodium 

distachyon and Zea mays. These do not possess orthologs of CSE genes, but crude protein 

extracts from stems showed a weak esterase activity with caffeoylshikimate, suggesting that 

the reaction catalyzed by CSE may not be essential for lignification in these plants.  

Physcomitrium patens, a moss, contains genes orthologous to those involved in the synthesis 

of 4-coumaryl and coniferyl alcohols, as reported by Xu et al. (2009). Intriguingly, despite this 

genetic capacity, no evidence of lignified tissue has been observed in P. patens. However, the 

presence of a genuine hydroxycinnamoyl-CoA:shikimate HCT in P. patens, as reported by Eudes 

et al. (2016), raises questions about its physiological role.  It has been shown that in the cuticle 

of P. patens the main constituent cutin, a biopolymer, has a high proportion of phenolic 

residues, especially caffeate-derived monomers (Buda et al. 2013). A plausible function for the 

hydroxycinnamoyl-CoA:shikimate HCT reported by Eudes et al. (2016) can be the production 

of 4-coumaroylshikimate, which is then hydroxylated to caffeoylshikimate. 

The first reported HCT activities discovered in Selaginella, leading to chlorogenic acid 

production (Weng et al. 2010), adds complexity to lignification discussions, as it is questionable 

whether it is engaged in lignification due to alternative pathway routes that bypass the 

enzymatic step of C3’H (4-coumaroylshikimate 3'-hydroxylase) to hydroxylate 

4-coumaroylshikimate to caffeoylshikimate. However, this reaction has been observed by  

Alber et al. (2019), although to a minor extend with 4-coumaroylanthranilate proved to be the 

better substrate for hydroxylation by the CYP98 enzymes in ferns and lycopods. The formation 
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of 4-coumaroylshikimate involves an ester linkage between the 4-coumaroyl and shikimate 

moieties. Notably, HCTs exhibit versatility by catalyzing formations not only via ester but also 

through an amide bond, as it was shown for the reaction of AaHCT6 with 3-

hydroxyanthranilate and caffeoyl-CoA or 4-coumaroyl-CoA (see “Search for acceptor 

substrates” in the results section). Eudes et al. (2016) also demonstrated this capability using 

3-aminobenzoate as an acceptor substrate. Exploring substrates like 3-hydroxyanthranilate or 

5-hydroxyanthranilate, possessing both hydroxy and amide groups, reveals the potential for 

both ester and amide linkages. However, enzyme assays, as detailed by Eudes et al. (2016), 

observed the amide. This discrepancy prompts further investigation into the substrate 

specificity of HCTs – especially in non-seed plants – and the factors influencing linkage 

preferences. 

The amide formation by hydroxycinnamoyltransferases was also observed for the rosmarinic 

acid synthase found in P. scutellarioides utilizing not only D-(hydroxy)phenyllactates as 

acceptor substrates forming esters with several CoA-activated phenylpropenoic acids but also 

amides with different amino acids as acceptor substrates (Sander and Petersen 2011). One 

enzyme investigated in this work, AaHCT6, not only catalyzed the ester linkage of caffeoyl-CoA 

(or 4-coumaroyl-CoA) with shikimate and 2,3-dihydroxybenzoate, but also catalyzed the amide 

linkage of CoA-activated caffeic acid (or 4-coumaric acid) with 3-hydroxyanthranilate. 

 

2. Characteristics of Anthoceros agrestis suspension cultures 

Suspension cells of A. agrestis were harvested daily over a period of 17 days and their fresh 

weight, dry weight and rosmarinic acid content was determined. Furthermore, the growth 

medium was analyzed for sugar content, electric conductivity and pH. 

The rise in pH observed during the examination of culture characteristics in this work suggests 

ion-uptake by the cells. This aligns with the observation of declining electric conductivity of 

the medium over time with the highest conductivity on day zero and the lowest on day 13. The 

slight increase in electric conductivity towards the end of the experiment might indicate the 

start of cell lysis process releasing ions into the medium. 

In previous studies, the RA content in A. agrestis (Vogelsang et al. 2006) with media differing 

in sugar content reached its maximum on day eight (CB (2 % sucrose) – 5.1 % RA) and day 12 

(CB (4 % sucrose – 3.4 % RA). The highest RA content observed in this work utilizing CBM 
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medium (1 % sucrose) was between day four and seven, with comparable values fluctuating 

between 3.8 and 4.0 %.   

Work conducted by Pezeshki (2016) observed a RA content with a maximum of 12 % in CBM 

medium and 5 % in CB2 medium. Pezeshki (2016) and Vogelsang et al. (2006) also measured 

the content of rosmarinic acid 3‘-O-β-D-glucoside. Interestingly there was no big difference in 

rosmarinic acid 3‘-O-β-D-glucoside contents between CB2 and CB4 medium with values up to 

1 % for CB4 and 0.6 % for CB2 (Vogelsang et al. 2006). On the other hand, a comparison of CB2 

and CBM medium showed a RA content for CB2 medium comparable to the content measured 

by Pezeshki (2016) with up to 5.1 % but higher values of rosmarinic acid 3‘-O-β-D-glucoside for 

CB2 medium of up to 3 %.  

The continuous increase of fresh weight over time in comparison to dry weight is due to cell 

growth and incorporation of water into the cells’ vacuoles. However, the continuous increase 

of fresh weight compared to the plateau-reaching increase in dry weight demonstrates that 

water accumulation outweighs cell mass increase. This is also demonstrated by the linear 

increase in water content. This also correlates with the sugar content reaching its minimal 

value on day 8 indicating that no more sugar is utilized for metabolism. 

The initial rosmarinic acid content (3.6 %) followed by a significant drop is due to the cells 

being 7 days old when transferred into fresh media at the start of this experiment and is 

comparable to the RA content on day 7 (3.9 %). This subsequent drop in RA content can be 

attributed to the cells undergoing an adaptation phase after mechanical handling during the 

transfer or being influenced by factors such as the properties of the fresh media, e.g., pH value 

and high osmotic value. This drop has also been observed in other studies on RA content in A. 

agrestis growing in CB2, CB4 and CBM medium (Vogelsang et al. 2006; Pezeshki 2016). 

However, a recent study by Busch (2022) did not observe this initial drop in CBM medium but 

comparable values of maximum RA content to this work. Differences in maximum RA content 

to other studies (Vogelsang et al. 2006; Pezeshki 2016) may be due to the age of the cell line. 

 

3. Extraction of rosmarinic acid from plant suspension cultures 

A study conducted in 2009 investigated the efficiency of different solvents and their 

corresponding water mixtures in the extraction of RA (Ondrejovič et al. 2009). The solvents 

tested included ethanol, methanol, and propanol along with their water mixtures at different 

concentrations. The highest efficiency of extraction was observed for a propanol/water 
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mixture at an extraction temperature of 66 °C. In another study conducted by Caleja et al. 

(2017), various extraction methods such as heat-assisted, microwave-assisted, and ultrasonic-

assisted, were compared for their efficiency in extracting rosmarinic acid. The results 

demonstrated that heat-assisted extraction was the most efficient method among these. 

Regarding the choice of solvent, it was found that an ethanol-water mixture outperformed 

both water and ethanol individually. Based on these findings, a hybrid extraction approach, 

combining heat-assisted and ultrasonic extraction, was chosen to maximize yield. The selected 

solvent was a mixture of ethanol and water (70/30), and the extraction was performed at 70 °C 

in a ultrasonic bath. To ensure exhaustive extraction, the process involved two sequential 

extractions with fresh solvent.  

 

4. Influence of electric current on specialized metabolism of Melissa officinalis 

It is known that both biotic and abiotic factors can influence the production of specialized 

metabolites. This is exemplified by the production of repellents after herbivorous attack (War 

et al. 2011), UV-scavengers to mitigate the effects of radiation (Das and Roychoudhury 2014), 

heat shock proteins for survival in extreme temperatures (Al-Whaibi 2011), or specialized 

osmolites to cope with soil high in salt content (Munns 2011). Abiotic factors include chemical 

substances that activate plant response mechanisms through jasmonate-dependent gene 

activation. Investigations on Melissa officinalis showed that chitosan, a biopolymer derivative 

of chitin, acts as an elicitor for specialized metabolism by stimulating the plant’s defense 

response via the induction of the jasmonate pathway (Fooladi vanda et al. 2019)   

Another study, examining the effect of jasmonic acid and methyl jasmonate on the production 

of rosmarinic acid (RA) in cell suspensions of Mentha x piperita demonstrated an elevated 

content of RA 24 h after the application of MeJa and 48 h after jasmonate application, while 

not affecting cell aggregation (Krzyzanowska et al. 2012). However, it was noted that the 

treated cultures showed a decrease in biomass accumulation compared to the control group. 

The effect of exogenously applied MeJa to increase RA content was also verified by studies on 

Salvia yangii and Salvia abrotanoides (Kianersi et al. 2022). Additionally, elevated contents of 

total phenolic and total flavonoid content, as well as transcript levels of genes involved in the 

phenylpropanoid pathway, were observed. This was further confirmed by investigations on 

Prunella vulgaris, where external application of MeJa resulted in increased accumulation of 

RA, total phenolics, and total flavonoids in hairy roots cultures (Ru et al. 2022; Jeyasri et al. 
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2023). It has also been demonstrated that an external application of methyl jasmonate in 

suspension cultures of P. scutellarioidess led to an increased content of RA three times higher 

than in untreated cultures (Szabo et al. 1999). 

Abiotic elicitors of plant responses include temperature, radiation, heavy metals, nutrients, 

drought and flooding, certain chemicals, and mechanical wounding. It is discussed whether 

electricity can be classified as “elicitor”, as the impact of electricity on plant development and 

metabolite accumulation is not fully understood yet. First experiments on the effects of electric 

fields on plant development consisting of plants growing under a Faraday cage demonstrated 

stimulated plant growth. Furthermore, it was observed that several plants exposed to wires 

above them with high voltage gradients (10 kV/m) were not only greener and sturdier but also 

averaged a biomass yield 45 % higher compared to the control group (Lemström 1904). 

Other experiments that applied high voltages (40 kV/m) to insulated wires 2 meters above 

cereal plants showed a yield increase of 30 % for oat and 57 % for wheat (Blackman 1924). A 

flow of 10-8 amperes per plant was observed to stimulate plant growth whereas higher 

amounts had damaging effects. A more recent study on the effect of electric current on 

cyanobacteria found that a treatment with 10 amperes for 80 minutes resulted in a higher 

total phenolic content after 15 days of growth (Pant et al. 2012). The treatment of lettuce and 

radish seeds with alternating current electric fields between 18 and 105 kV/m promoted 

germination (Zhang and Hashinaga 1997). This was also observed by Moon and Chung (2000) 

who investigated the effect of electric current on germination of tomato seeds. 

It is known that strong pulsed electric fields (PEF) can have a disruptive effect on the cell 

membrane. This phenomenon is also used in electroporation or electrofusion of cells. Another 

interesting application is in post-harvest treatment to release intracellular metabolites 

resulting in a high content of certain compounds, e.g., lycopene in tomato juice (Odriozola-

Serrano et al. 2009; Janositz and Knorr 2010). On the other hand, weak PEF can act as an 

abiotic elicitor for the production of specialized metabolites as demonstrated with studies on 

suspension cultures of Taxus chinensis that showed an increased accumulation of 

taxuyunnanine by 30 % after PEF treatment with 10 V/m, 50 Hz for 30 minutes (Ye et al. 2004). 

Another study investigating the effect of weak PEF (0.6 kV/cm) on the stress reaction of 

soybean and maize plants demonstrated an increase of phytosterols in maize of 32.4 % and 

20.5 % for isoflavonoids in soybeans, whereas strong pulses (7.3 kV/cm) resulted in a decrease 

of yield (Guderjan et al. 2005). 
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The effect of externally applied current on the elicitation of the specialized metabolite 

rosmarinic acid in suspension cultures of M. officinalis mostly resulted in an increased content 

of RA compared to the control. However, treatment with MeJa resulted in higher RA contents 

compared to cells subjected to electrical stimulation. One exception occurred in an experiment 

where the applied current at the end of the experiment diminished compared to the 

beginning. This reduction was attributed to a crocodile clamp partially losing contact with the 

electrode, leading to an increased resistance. According to Ohm's law (I = U/R), this increased 

resistance results in a lower current. Due to this unexpected drop in current and without 

knowledge of its time of occurrence these results remain uncertain. 

The historical context of experiments investigating the effect of electric fields on plant growth, 

such as the work by Lemström (1904) and Blackman (1924), provides valuable insights. The 

application of high voltages can have a harmful effect, while low voltages can be stimulating. 

Due to the small volume of the medium inside the experimental chamber, it was crucial to 

apply a current that did not lead to an increase in temperature, preventing a damage to the 

cells and ensuring comparable environmental conditions between the different groups. 

Experiments with different current intensities and durations resulted in varying increases in RA 

content, emphasizing the need to optimize the electrical parameters to maximize yield. The 

comparison of RA content increase between experimental conditions of 20 µA and 60 µA for 

a duration of 72 h does not exhibit a distinct difference, as demonstrated by a comparable RA 

content. However, an experiment conducted with 40 µA applied current over a duration of 72 

h resulted in a RA content lower than that in the untreated control group, challenging the 

assumption that applied currents between 20 and 60 µA for 72 h led to an increased content 

of RA. Comparing the effects of applied electric current with the chemical elicitor MeJa 

showcases an elicitation potential of electric fields. However, treatment with MeJa 

outweighed the application of electric current in terms of RA production in most experiments, 

showing an increase of up to 259 % compared to untreated cells. It is worth noting that one 

experiment resulted in RA production reaching 585 % for MeJa-treated cells compared to the 

control. This result is highly doubtful as it does not align with RA contents of MeJa-treated cells 

for the same period in other experiments. It is plausible that during the preparation of the 

experimental setup, a bacterial contamination might have occurred either while handling the 

cells or by a contamination of the growth medium leading to an additional activation of 

defense pathway and therefore to an elevated content of rosmarinic acid. Further 
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investigations may be conducted with electric fields, in which electric current is initially applied 

for a specific period to induce specialized metabolism, rather than a continuous application of 

current. Another approach is to use PEF with alternating low current, as described in the 

literature cited above. Observations in this work lead to the assumption that treating plant 

suspension cells with low electric current can have an elevating effect on the production of 

specialized metabolites such as RA. However, considering the complex experimental setting in 

comparison to the easy application of MeJa and the fact that MeJa can be commercially 

obtained at low costs, coupled with its seemingly higher elicitation potential, suggests the use 

of MeJa to enhance the production of certain metabolites is more economically suitable than 

externally applied current. 

  

5. Loss of enzymatic activity following His-Tag purification 

The attachment of a N- or C-terminal 6x His-tag onto a protein of interest is a widespread 

method for protein purification allowing for a purity of up to 95 % (Hochuli et al. 1988). 

Crystallization experiments have shown that the addition of a His-tag mostly does not have a 

significant effect on the protein structure. Therefore His-tagging proteins of interest for 

heterologous expression has become a popular method for protein purification. 

The purification of His-tagged enzymes in this work, however, encountered significant 

challenges, manifested in a severe decline in enzymatic activity after purification. The presence 

of the protein of interest after purification was verified by Western blot immunodetection and 

a loss of protein was ruled out as the washing steps during purification did not yield any signal 

during Western blot. Hydroxycinnamoyltransferases, predominantly lacking signal peptides, 

are soluble cytosolic enzymes (D’Auria 2006) with some association with the endoplasmic 

reticulum membrane (Bassard et al. 2012). Consequently, a protocol for purifying soluble 

enzymes was selected (see “Affinity purification via polyhistidine tag”). The confirmation of 

enzymatic activity in crude extracts affirmed the successful expression of the protein of 

interest. However, after the execution of His-tag purification, enzymatic activity either dropped 

to a minimum or was entirely absent. 

Protein purification utilizing polyhistidine tags relies on interactions between histidine 

residues and immobilized metal ions such as nickel, initially elucidated by Hochuli et al. in 1987, 

involving the genetic engineering of a histidine tag onto a recombinant protein. It has been 

demonstrated that proteins appended with a His6-tag can efficiently bind to the nickel chelate 
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matrix and be eluted with an imidazole gradient, while nonspecific binding can be mitigated 

by washing with a low concentration of imidazole. Nowadays commercially available vectors 

incorporate sequences encoding for a polyhistidine tag, eliminating the need for manual 

attachment of the His6-tag, e.g., through PCR (Hengen 1995). 

It has been shown that E. coli contains a histidine-rich protein that can interfere with His-Tag 

purification (accession number Z21496) (Wülfing et al. 1994). This gene codes for a 

peptidylprolyl isomerase with a size of 21 kDa. Since this protein is smaller than the HCTs 

investigated in this work ranging from 46.05 to 54.26 kDa it is assumed that this protein did 

not copurify along with the desired HCT proteins as Western blot immunodetection showed 

only one band at the size of the protein of interest. However, it cannot be ruled out that the 

histidine-rich protein native to E. coli containing three histidine residues does not bind to the 

antibody’s paratope and therefore does not lead to a signal in Western blot although being 

present. It is also possible that the His-tag itself causes changes in the proteins tertiary 

structure compared to its native form (Chant et al. 2005) leading to a loss of function e.g., by 

blocking the substrates binding site. A potential drawback may arise from a diminished 

solubility of the target protein, attributed to the incorporation of histidine residues. Notably, 

crystallographers have speculated that the presence of the His-tag could hinder crystallization, 

necessitating its removal prior to the crystallization process (Derewenda 2004; Waugh 2005).                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                          

However, research from Carson et al. (2007) challenges this hypothesis, suggesting that His-

tags do not hinder the crystallization process. Observing enzymatic activity in crude extracts 

containing our proteins of interest showed that the His-tag does not induce structural 

conformation changes leading to a loss of enzymatic activity. 

It is pertinent to consider the impact of temperature during His-tag purification, particularly 

for temperature-sensitive proteins. Consequently, purification under cold conditions may be 

imperative to preserve enzymatic integrity. Nevertheless, intriguingly, no distinct improvement 

in enzymatic activity was observed whether purification was conducted at a frigid 6 °C or at 

room temperature. Additionally, distinct enzymatic activity was consistently present in crude 

extracts subjected to various thawing conditions, encompassing cold conditions (on ice), room 

temperature, or gentle rolling between the palms of the hands. 
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6. BAHD acyltransferases in Anthoceros agrestis 

The limited understanding of the biosynthetic pathway of RA in A. agrestis, coupled with the 

versatile nature of BAHD acyltransferases contributing to various pathways, such as the 

biosynthesis of various phenolic compounds, underscores the need for further research to 

elucidate the specific roles and mechanisms of these enzymes. This will not only enhance our 

knowledge of secondary metabolism in non-vascular plants but also potentially reveal novel 

biotechnological applications for the production of valuable phenolic compounds. Altogether, 

these factors underscore the importance for in-depth exploration. To illuminate these details, 

sequences containing conserved motifs characteristic of BAHD acyltransferases in A. agrestis 

were amplified, ligated into a vector, and subsequently introduced into an E. coli expression 

strain. The successful expression of these proteins was validated by Western blot 

immunodetection, and the proteins were experimentally tested for their substrate acceptance 

and promiscuity with a total of 55 putative acceptor substrates via enzymatic reactions under 

controlled conditions. This approach aims to acquire a detailed understanding of the 

biosynthesis of natural products, particularly those derived from the phenylpropanoid 

pathway, such as rosmarinic acid (RA), with the potential to contribute to our comprehension 

of natural product biosynthesis in A. agrestis.  

 

a. AaHCT1 

During the course of this work the sequence coding for AaHCT1 was successfully amplified 

from total RNA isolated from A. agrestis. The gene was successfully ligated into the pDrive 

vector and transferred into E. coli EZ cells for plasmid amplification. Attempts to incorporate 

the gene of interest into pET-15b and pRSET-C vectors by ligation failed, as it did for 

homologous recombination. Attempts to introduce the gene into the vector by In-Fusion 

cloning were successful. However, after confirming the presence of the gene of interest in E. 

coli cells of the SoluBL21 strain no protein expression was observed. A pET-15b vector 

containing a synthetic gene that has undergone codon optimization for E. coli was successfully 

transferred into SoluBL21 as verified by sequencing but also did not result in a successful 

protein expression. 

Switching from a prokaryotic to a eukaryotic expression system with Saccharomyces cerevisiae 

as host organism also did not result in a successful protein expression of AaHCT1.  
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Therefore, a heterologous expression of AaHCT1 in E. coli or S. cerevisiae was not successful 

and the AaHCT1 protein could not be investigated for its suitable substrates and their kinetics. 

However, to gain information about a possible function of this protein BLAST searches for the 

DNA and peptide sequence were performed. 

The search for nucleotide sequences similar to AaHCT1 through similarity searches (Blast 

algorithm) did not yield any significant similarities. A search performed on somewhat similar 

sequences did not result in any relevant similarities. Although the amino acid sequence is 

lacking the conserved sequence HXXXDG typical for acyltransferases of the BAHD family a 

search for similar sequences via blasting resulted in similarities to shikimate 

O-hydroxycinnamoyltransferases present in different higher plants, including Juglans 

macrocarpa x Juglans regia, Magnolia sinica, Carya illinoinensis, and Cryptomeria japonica, 

with similarities ranging from 28 to 33 % at a query cover of 97 %. Furthermore, similarities to 

an acyltransferase of the BAHD family from Selaginella moellendorffii with a similarity of 

31.95 % at 100 % query cover, as well as several isoforms of hydroxycinnamoyltransferases 

with similarities around 32 % at 100 % query cover. 

Despite efforts to optimize codon usage for E. coli expression, challenges to obtain the protein 

of interest persists, hinting that codon preference might not be the primary factor affecting 

successful expression. Another aspect that may influence expression is the secondary 

structure of mRNA.  Studies on synthetic sequences encoding GFP in E. coli (Kudla et al. 2009) 

reveal that tightly folded mRNA can hinder translation initiation, resulting in a diminished 

protein expression. The folding energy of the mRNA's initial third correlates with protein 

expression, as stronger structures of the mRNA led to reduced fluorescence. Similar findings 

by Andreeva et al. (2018) show that a stable structure at the mRNA's 5' UTR can fold over and 

block the ribosomal binding site and therefore slow down translation initiation.  

Attempts to express the protein of interest in different E. coli strains (SoluBL21, BL21, C41, DE3 

and BL21(DE)LysS) indicate that the challenges in expression may not be strain specific. 

Unsuccessful expression in both prokaryotic (E. coli) and eukaryotic (S. cerevisiae) systems may 

indicate poor solubility, incorporation into inclusion bodies or aggregation of protein. However, 

Western blot immunodetection performed with cell remains after harvest and cell disruption 

did not yield in any observable signal, indicating that no protein of interest has been 

aggregated or incorporated into inclusion bodies. 



 

 163 

To overcome the challenges in expression, additional approaches and optimizations may be 

explored. Possible strategies include codon optimization for S. cerevisiae as expression system 

or the use of a plant host as expression system such as Arabidopsis thaliana or Nicotiana 

benthamiana. Another strategy could be the use of in vitro protein expression kits that allow 

to perform a protein expression without the need of host cells. However, experiments 

conducted to obtain the enzyme of interest via a cell-free protein synthesis system 

(ExpresswayTM Cell-Free E. coli Expression System) did not yield any protein of interest as 

verified by Western blot followed by His-tag immunodetection. It is worth noting that this in 

vitro synthesis experiments have been conducted at a late stage of this work resulting in only 

a low number of experiments conducted, leaving room for modifications on the 

experimentation protocol. 

 

b. AaHCT2 

AaHCT2 was successfully expressed in E. coli of the strain SoluBL21 as verified by Western blot. 

Enzyme assays carried out with 55 potential acyl acceptor substrates resulted in product 

formation for two substrates: methanol and ethanol. Notably, when other relatively small 

alcohols such as isopropanol, propanol, and butanol were employed in enzyme assays, no 

observable product formation was detected. The absence of enzymatic activity for these 

substrates in crude extracts from cells carrying an empty vector excludes the possibility of a 

reaction catalyzed by host organism-native enzymes.  

Ethanol and methanol are relatively small molecules and could therefore access the catalytic 

center more easily compared to larger molecules. Since the use of larger alkanols such as 

propanol, isopropanol or butanol in enzyme assays did not yield in product formation, as well 

as several phenylethanols, it cannot be ruled out that the hydroxyl-group of larger molecules 

might be blocked to access the catalytic center by the tertiary structure of the AaHCT2 protein. 

This tertiary structure could also be influenced by the His-tag attached to the protein. To clarify 

this, the His-tag could be cleaved off after protein expression or positioned at the C-terminus. 

Experiments on protein crystallization might also be conducted with the presence of different 

alkanols and phenylethanols and with the presence and absence of the His-tag. Given the 

possibility that ethanol and methanol may not represent the native acceptor substrates of 

AaHCT2 a search for its native acyl acceptor substrate persists. 
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A search for sequences that show high similarities on nucleotide level via the Blast algorithm 

did not result in any similarities. A search for similarities with the criteria “somewhat similar” 

resulted in similarities to a sequence that codes for a predicted shikimate O-

hydroxycinnamoyltransferase-like protein from P. patens (XM_024503187 – annotated using 

prediction method gnomon) with similarities of 66 % at 45 % query cover. Furthermore, 

similarities to a predicted shikimate O-hydroxycinnamoyltransferase from Manihot esculenta 

(XM_021759355.2) with a similarity of 71 % at a query cover of 9 %. 

A Blast search with the according amino acid sequence resulted in similarities to various 

isoforms of HCTs found in Selaginella moellendorffii with similarities of approximately 32 % 

across 100 % query cover. Furthermore, the analysis revealed similarities to several 

hypothetical proteins. Notably AaHCT2 shows similarities to shikimate O-hydroxycinnamoyl-

like proteins present in Carya illinoinensis, Juglans macrocarpa x Juglans regia, Magnolia 

sinica, and Trifolium repens. However, sequence similarities to those range from 28 to 33 % 

and a query cover of 97 %. 

 

c. AaHCT5 

AaHCT5 was successfully introduced into E. coli SoluBL21 as expression strain and its 

expression was verified by Western blot immunodetection. However, out of the 55 substances 

serving as potential substrates tested in enzyme assays no product formation was observed 

for any of these. Therefore, the knowledge of substrates accepted by AaHCT5 and its substrate 

promiscuity remains unclear. 

A similarity search with the Blast algorithm based on the nucleotide sequence did not result 

in any highly similar sequences. A search performed on somewhat similar sequences did only 

result in similarities that account for a low query cover of 2-3 % and therefore did not result in 

any relevant similarities. Performing a Blast search using the according amino acid sequence 

revealed compelling connections with various hypothetical proteins from Marchantia 

paleacea, Marchantia polymorpha, and Ceratodon purpureus, exhibiting identities ranging 

from 28 to 32 % and a query cover spanning from 96 to 99 %. Furthermore, similarities to 

shikimate O-HCT from Coffea arabica and Coffea eugenioides, as well as hydroxycinnamoyl-

CoA shikimate/quinate HCTs from Coffea canephora and Coffea arabica. Notably these 

similarities are only confident with percentages of 30 % and query cover of 95 %. 



 

 165 

However, investigations through enzyme assays to identify suitable acyl acceptors, including 

shikimate and quinate did not result in any observable product formation. These enzyme 

assays were conducted using crude extracts due to the possible substantial loss in enzymatic 

activity after His-tag purification, as observed for AaHCT6. Furthermore, the incubation for 

protein expression was conducted at 25 °C, deviating from the conventional 37 °C, as empirical 

findings within our working group substantiate that a lower temperature diminishes the 

formation of inclusion bodies. The incorporation of the protein of interest into inclusion bodies 

that do not solubilize can be ruled out as there was no protein of interest present in the cell 

pellet as verified by Western blot.  Additionally, the successful detection of AaHCT5 protein in 

the crude extract through Western blot further supports the assertion of its presence and 

suggests its solubility in the experimental conditions.  

The process of protein folding is subject to modulation by various physical and chemical 

determinants. Notably, alterations in pH levels can have an impact on folding dynamics by 

influencing the protonation states of amino acid residues, resulting in charged interactions 

such as salt bridges (Singh and Udgaonkar 2016). Another significant factor is temperature, 

wherein the destabilization of native protein structure is induced by thermal fluctuations. This 

temperature-driven phenomenon results in a shift in hydrophobicity, resulting in the native 

structure no longer being the most energetically favorable conformation (Camilloni et al. 

2016). The potential of protein misfolding and aggregation resulting in cellular death 

underscores the critical necessity for the maintenance of mechanisms to facilitate both, 

precise protein folding and the efficient degradation of misfolded polypeptides. Prokaryotic 

and eukaryotic organisms utilize a different network of chaperones and proteases for accurate 

protein folding and degradation processes (Sawa et al. 2010). The divergence in the proteolytic 

systems responsible for the degradation of misfolded proteins further emphasizes the 

differences in prokaryotic and eukaryotic cellular architectures. Notably, eukaryotes 

prominently employ the ubiquitin-proteasome system as a major pathway, wherein the 

misfolded protein undergoes post-translational modifications essential for its specific flagging 

and subsequent recognition for degradation (Kleiger and Mayor 2014).  

Given the successful expression and demonstrated activity of other HCTs from A. agrestis, such 

as AaHCT6 and AaHCT2, it appears doubtful that AaHCT5 needs to undergo any post-

translational modifications (PTMs) for correct protein folding. Furthermore, employing a 
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computational prediction tool for PTMs (https://web.expasy.org/findmod/) based on the 

peptide sequence failed to yield any predictions for such modifications. 

Various factors explained above may potentially contribute to the expression of AaHCT5 being 

verified by Western blot without associated enzymatic activity. Nevertheless, it remains 

plausible that the absence of any substrate accepted by AaHCT5 in the designated list of 55 

potential acyl acceptors could also account for this observation. 

 

d. AaHCT6 

The sequence coding for AaHCT6 was successfully incorporated into the expression vector 

pET-15b and introduced into E. coli cells of the strain SoluBL21 for heterologous expression in 

previous work of our group. The according protein of interest was successfully expressed as 

verified by Western blot immunodetection. It is worth noting that AaHCT6 shows the highest 

sequence similarity to the rosmarinic acid synthase (RAS) from Plectranthus scutellarioides, 

suggesting it as a putative candidate for RAS activity. Exploring acceptor substrates utilized by 

AaHCT6 via enzyme assays with crude extracts of heterologously expressed protein revealed 

distinct peaks of product formation for three substrates: shikimate, 3-hydroxyanthranilate, and 

2,3-dihydroxybenzoate. Enzyme assays performed with crude extracts from E. coli cells 

carrying a vector lacking the gene insert were conducted as controls. The absence of product 

formation in these control reactions effectively excluded the possibility of non-specific 

reactions catalyzed by native enzymes of the host organism. Furthermore, the verification of 

product formation was conducted through LC/MS analysis, confirming the presence of the 

expected masses for each specific product. 

In assessing substrate promiscuity, AaHCT6 displayed notable preferences for specific donor 

substrates. AaHCT6 exhibited the highest affinity towards 4-coumaroyl-CoA, as evidenced by 

Km values of 14.4 µM (acceptor: shikimate), 29.3 µM (acceptor: 3-hydroxyanthranilate), and 

388.7 µM (acceptor: 2,3-dihydroxybenzoate), whereas for caffeoyl-CoA the Km values were 

higher with 191.9 µM (acceptor: shikimate) and 314.4 µM (acceptor: 3-hydroxyanthranliate) 

except for the reaction with 2,3-dihydroxybenzoate serving as acceptor with 171.9 µM. 

These findings strongly suggest that 4-coumaroyl-CoA serves as the native donor substrate for 

AaHCT6. As for acceptor substrate, the enzyme showed a significant affinity for shikimate, 

suggesting its role as native acceptor substrate with a Km value of 24.6 µM (with 4-coumaroyl-

CoA as donor substrate) in enzyme kinetic analysis according to Michaelis-Menten. Moreover, 

https://web.expasy.org/findmod/
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it has been demonstrated that AaHCT6 exhibits substrate promiscuity with the second highest 

affinity for 3-hydroxyanthranilate with a Km value of 153.1 µM (Michaelis-Menten), whereas 

the lowest affinity was observed for 2,3-dihydroxybenzoate with a Km value of 1025.9 µM 

(Michaelis-Menten). With caffeoyl-CoA as donor substrate the highest affinity for acceptor 

substrates was for shikimate with a Km value of 587.0 µM. Interestingly, the second highest 

affinity was not for 3-hydroxyanthranilate (as with 4-coumaroyl-CoA as donor) but for 2,3-

dihydroxybenzoate with a Km value of 686.0 µM. The lowest affinity was observed for 3-

hydroxyanthranilate with a Km value of 761.0 µM. However, the affinity for 3-

hydroxyanthranilate and 2,3-dihydroxybenzoate were in a comparable range. 

An examination of AaHCT6’s sequences on the nucleotide and amino acid level reveals 

intriguing similarities when AaHCT6 is compared to RAS from Coleus blumei. At the nucleotide 

level, a similarity of 49 % is observed, while the amino acid sequence displays 45 % identity 

with 63 % similarity and 4 % gaps. A similarity search using the Blast algorithm based on the 

nucleotide sequence revealed similarities to predicted hydroxycinnamoyltransferases from 

Oryza glaberrima, O. brachyantha and O. sativa japonica with similarities of 66 % at 93 % query 

cover (XM_052287969.1; XM_040520682.1; NM_001416712.1 (Jantasuriyarat et al. 2005)). 

Interestingly, searches for similar sequences revealed similarities of 71 % at 82 % query cover 

to two predicted shikimate O-hydroxycinnamoyltransferases-like proteins from Musa 

acuminata malaccensis (XM_018824736.1 & XM_009396653.2). Furthermore, similarities to 

a sequence from Lolium perenne with 66 % similarity at 92 % query cover were observed. This 

sequence is predicted to code for a hydroxycinnamoyl-CoA:5-hydroxyanthranilate N-

hydroxycinnamoyltransferase (XM_051337840.1).  A similarity search based on the amino acid 

sequence revealed compelling similarities, such as a 62 % match to a transferase from Corchus 

olitorius identified in whole genome sequencing (Islam et al. 2017), and a 61 % identity to a 

shikimate O-hydroxycinnamoyltransferase from Cryptomeria japonica, recognized through 

NCBI's eukaryotic gene prediction tool "Gnomon". Additionally, a 61 % identity to a 

hydroxycinnamoyl-CoA shikimate/quinate HCT from Pinus pinaster, derived from unpublished 

data is noteworthy. Amino acid sequence blasting resulted in similarities to shikimate O-HCTs, 

shikimate/quinate HCTs, and shikimate O-HCTs-like sequences, ranging in identity similarities 

between 58 and 62 %. Notable specific identities include a putative anthranilate N-

benzoyltransferase from Ricinus communis (58 %) and a chloramphenicol acetyltransferase-

like domain-containing protein from Artemisia annua (59 %). Performing blast search on 
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nucleotide level uncovered a significant 79 % identity to a predicted shikimate O-

hydroxycinnamoyltransferase, albeit with a limited 15 % query cover. The sequence similarities 

of AaHCT6 to shikimate and hydroxyanthranilate HCT’s align with experimental data in this 

work with AaHCT6 utilizing shikimate as well as 3-hydroxyanthranilate as acceptor substrates. 

It is noteworthy that while AaHCT6 utilizes 3-hydroxyanthranilate as an acceptor substrate, 

sequence similarities were observed with a hydroxycinnamoyl-CoA:5-hydroxyanthranilate 

N-hydroxycinnamoyltransferase from Lolium perenne, suggesting potential promiscuity in 

substrate acceptance between the 3- and 5-hydroxy isomers of anthranilate. Interestingly 

AaHCT6 does not accept 5-hydroxyanthranilate. Notably, no similarities to HCT’s utilizing 

dihydroxybenzoates or even hydroxybenzoates were found.  

It has been shown that two HCTs found in Populus trichocarpa (HCT1 & HCT6) catalyze the 

reversible reaction of 4-coumaroyl-CoA and caffeoyl-CoA with shikimate, forming their 

respective ester derivatives (Wang et al. 2014). Interestingly, the Km values of HCT1 for the 

donor substrates were comparable with 38.95 µM for 4-coumaroyl-CoA and 23.06 µM for 

caffeoyl-CoA whereas for HCT6 there was a noticeable difference in affinity with 24.91 µM 

(4-coumaroyl-CoA) and 103.81 µM (caffeoyl-CoA). However, the study did not mention any 

kinetic measurements for the affinity of the investigated enzymes to their respective acceptor 

substrate nor did they mention alternative substrates accepted by this enzyme. The study 

shows that the investigated HCTs can also catalyze the reverse reaction resulting in the CoA 

activated hydroxycinnamic acids 4-coumaroyl-CoA and caffeoyl-CoA. This has also been shown 

in earlier work on HCTs from tobacco conducted by Hoffmann et al. (2003) and on HCTs from 

Arabidopsis conducted by Vanholme et al. (2013). However, it is noted that the efficiency of 

this conversion is very low.  

Other work conducted on HCTs found in A. thaliana confirmed pathway models indicating a 

direct conversion of caffeoylshikimate and CoA to caffeoyl-CoA and shikimate (Vanholme et al. 

2013). However, it has been shown that caffeoylshikimate is rather broken down by caffeoyl 

shikimate esterase (CSE) to caffeate and shikimate after which caffeate can be activated by 

coupling it with a coenzyme A moiety, as this reaction is faster than the direct conversion of 

caffeoylshikimate to caffeoyl-CoA and shikimate. 
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e. AaHCT7 

The exploration for sequences potentially encoding hydroxycinnamoyltransferases (HCTs) in 

the database of hornworts led to the identification of another sequence exhibiting conserved 

motifs characteristic of BAHD HCTs. This sequence, denoted as AaHCT7, was successfully 

amplified through PCR from total RNA, ligated into the pDrive vector, and its presence was 

confirmed by sequencing following transformation with E. coli EZ cells. Subsequently, the gene 

insert was ligated into pET-15b, and upon transformation of E. coli EZ cells, an insert of the 

anticipated size was observed through agarose gel electrophoresis after vector digestion. 

Nevertheless, upon conducting sequencing of the insert-carrying vector, a sequence was 

identified for the insert that deviates from the sequence of the gene of interest. Upon further 

analysis, it was found that the reverse complement of this sequence aligns with the sequence 

of the gene of interest, demonstrating a reverse insertion into the vector. 

Due to these challenges and the late-stage discovery of this sequence, the proper integration 

into pET-15b, transformation of the E. coli expression strain, protein expression, and enzyme 

characterization remain pending. 

Nucleotide sequence searches did not yield significant similarities. In contrast, a blast search 

utilizing the amino acid sequence revealed similarities to an agmatine hydroxycinnamoyl-

transferase from Selaginella moellendorffii (61.65 % identity at 98 % query cover), agmatine 

hydroxycinnamoyltransferase 1-like from Physcomitrium patens (55.28 % identity at 98 % 

query cover), agmatine coumaroyl transferase 2-like from Solanum lycopersicum (42.89 % 

identity at 99 % query cover), and agmatine coumaroyl transferase 2 from Acorus calamus 

(42.47 % identity at 99 % query cover; Ma et al. 2023). 

These findings suggest that AaHCT7 may function as an agmatine hydroxycinnamoyl-

transferase, transferring a hydroxycinnamic acid to an agmatine moiety. Recent research on 

agmatine coumaroyltransferases (ACT) in plants of the tribe Triticeae, such as barley, wheat, 

and wall barley (Hordeum murinum), revealed their involvement in the biosynthetic pathway 

for generating hydroxycinnamic acid amides. This occurs through the condensation of 

agmatine and the corresponding hydroxycinnamoyl-CoA thioester (Yamane et al. 2021). Two 

groups of ACTs were identified, with comparable catalytic efficiency, but differing affinities 

towards specific CoA substrates. Notably, ACTs exhibit broader substrate acceptance for 

various donors than acceptors, with agmatine being the preferred substrate over putrescine, 

spermine, and spermidine (Yamane et al. 2021). 
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In a study on hydroxycinnamic acid amides (HCAAs) in A. thaliana following infection with 

Alternaria brassicicola, a gene coding for an agmatine coumaroyltransferase (AtACT) catalyzing 

the final step of HCAA biosynthesis was identified (Muroi et al. 2009). Mutations in this gene 

resulted in susceptibility to infection by A. brassicicola, highlighting the essential role of HCAAs 

in pathogen defense. The enzymatic activity of AtACT was confirmed in vitro through 

heterologous expression in E. coli, leading to the synthesis of various HCAAs. 

Another investigation into hydroxycinnamoyl transferases in rice demonstrated their crucial 

role in the biosynthesis of phenol amides and other metabolites associated with plant defense 

responses, particularly against the fungus Magnaporthe oryzae, causing rice blast disease 

(Fang et al. 2022). Genes encoding putrescine hydroxycinnamoyltransferases (OsPHT3 and 

OsPHT4) were found to positively regulate apoptosis, enhancing resistance to M. oryzae. 

Additionally, agmatine HCTs (OsAHT1 and OsAHT2) and tryptamine hydroxycinnamoyl 

transferases (OsTBT1 and OsTBT2) were implicated in the biosynthesis of phenolamides 

derived from polyamines, thereby regulating plant immunity. 

Despite the challenges encountered in the vector insertion process for AaHCT7, sequence 

similarities uncovered by similarity searches with the amino acid sequence suggest that 

AaHCT7 may act as an agmatine hydroxycinnamoyltransferase, potentially contributing to the 

biosynthesis of hydroxycinnamic acid amides (HCAAs). Drawing parallels with related studies 

on agmatine coumaroyltransferases (ACTs) in Triticeae plants and the role of an ACT in defense 

against A. brassicicola in A. thaliana, it becomes evident that HCAAs play a crucial role in plant 

pathogen defense mechanisms. These findings also align with research in rice, underscoring 

the significance of hydroxycinnamoyl transferases, including agmatine HCTs, in orchestrating 

plant defense responses against pathogenic fungi such as M. oryzae. However, it is important 

to note that agmatine derivatives have not been found in Anthoceros, as reported by 

Trennheuser (1992). Therefore, it is unlikely that AaHCT7 acts specifically as an agmatine 

hydroxycinnamoyltransferase. An alternative evolutionary source for related enzyme activities 

could be spermidin hydroxycinnamoyltransferases (SDHCTs), as a study in Phacelia revealed a 

RAS enzyme with high similarity to SDHCTs (Levsh et al. 2019). Despite the current challenges, 

further experimentation and characterization of AaHCT7 may hold the potential to elucidate 

its specific role within the network of plant-microbe interactions, potentially related to SDHCTs 

rather than agmatine HCTs. 
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7. Other acyltransferases in plants 

Besides hydroxycinnamoyltransferases of the BAHD family there are also enzymes from other 

enzyme families that exhibit acyltransferase activity. For example, SCPLs (Serine 

Carboxypeptidase-Like Acyltransferases) and GDSLs (Glycine-Aspartate-Serine-Leucine 

Acyltransferases) can act in the acylation of phenolic compounds in plants. These enzymes are 

vital for the creation of various phenolic compounds, each serving different biological roles.  

While acyltransferases of the BAHD family use CoA-activated thioesters as acyl donor, 

acyltransferases of the SCPL type use O-glucose esters (Mugford et al. 2009). SCPL-ATs, for 

example, catalyze 1-O-β-glucose ester-dependent acylations, contributing to the formation of 

sinapoyl esters (Bontpart et al., 2015).  They are likely to be also involved in the biosynthesis 

of other RA-like substances. For instance, a study by Fu et al. (2021) demonstrated that an 

SCPL acyltransferase from purple coneflower, EpCAS, uses chlorogenic acid and caftaric acid to 

produce chicoric acid. This SCPL acyltransferase's high specificity for chlorogenic acid highlights 

its evolutionary adaptation to specific substrates. This indicates that SCPLs have the ability to 

modify various phenolic molecules, hence enhancing the range of secondary plant 

metabolites. Ciarkowska et al. (2019) highlight that SCPL acyltransferases play a crucial role in 

the secondary metabolic pathways of plants, enhancing the diversity of natural plant 

compounds. Secondary metabolites influenced by these acyltransferases include 

proanthocyanidins, glucosinolates, and phytohormones. Proanthocyanidins are important 

flavonoids for pigmentation and pathogen defense, glucosinolates help in plant defense 

against insects and diseases as well as environmental stress adaptation. SCPL acyltransferases 

also aid in the conjugation of certain phytohormones, which are vital for plant regulation. 

Furthermore, SCPL acyltransferases are still evolving, making them intriguing subjects for 

studying the molecular aspects of plant secondary metabolism and enzyme evolution. 

In addition to SCPLs, another family of acyltransferases in plants are the GDSL proteins. They 

are members of the SGNH hydrolase superfamily, which is distinguished by the conserved 

GDSL domain at the N-terminus. This superfamily consists of members that possess a wide 

variety of enzymatic activities, such as esterase, lipase, acyltransferase, and thioesterase. 

These enzymes are functionally different and can work on a wide range of substrates. Certain 

GDSL proteins have developed specific functions, such as acyltransferase activity, contributing 

to the biosynthesis of secondary metabolites like phenolic compounds. Teutschbein et al. 

(2010) identified a GDSL enzyme in tomatoes exhibiting acyltransferase activity in the 
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phenylpropanoid metabolism catalyzing the formation of caffeoylglucarate and 

caffeoylgalactarate using chlorogenate as donor. Shen et al. (2022) emphasize the importance 

of GELPs (GDSL Esterase/Lipase Proteins) across microbes, animals, and plants, highlighting 

their roles in growth, development, and stress responses. GELPs have a unique and conserved 

GDSL motif at the N-terminus, distinguishing them from classical lipolytic enzymes. Despite 

being identified in numerous plant species, including major crops, the full extent of their role 

in plant development and stress regulation is not yet fully understood. These studies illustrate 

the significance of SCPL- and GDSL-ATs in plant biochemistry, suggesting their involvement in 

the biosynthetic pathways of RA-like substances. Ongoing research could provide deeper 

insights into the mechanisms and functions of these enzymes, potentially leading to new 

applications in plant biotechnology. 

 

8. Summary 

Rosmarinic acid (RA) is a natural product found in Anthoceros agrestis with amounts of up to 

4 % of dry weight investigated in this work. The biosynthetic pathway for RA has been fully 

elucidated for Plectranthus scutellarioides with L-tyrosine and L-phenylalanine serving as 

precursors. An essential step in this biosynthesis is the ester linkage of 4-coumaroyl-CoA and 

4-hydroxyphenyllactate by rosmarinic acid synthase (RAS) to form 

4-coumaroyl-4’-hydroxyphenyllactate which is then further hydroxylated to form RA. However, 

for A. agrestis no ortholog to RAS has been found. With RAS being an acyltransferase of the 

BAHD family a search for sequences containing conserved motifs characteristic for BAHD 

acyltransferases resulted in several sequences, with AaHCT6 being the most similar to RAS 

from P. scutellarioides.  However, investigations on heterologously expressed AaHCT6 showed, 

that it does not catalyze the reaction of 4-coumaroyl-CoA and 4-hydroxyphenyllactate or 

3,4-dihydroxyphenyllactate, as it was initially proposed (Petersen et al. 1993; Petersen 1997; 

Petersen and Simmonds 2002). A catalogue of 55 potential acceptor substrates was tested for 

acceptance by AaHCT6 and resulted in acceptance for shikimate, 3-hydroxyanthranilate and 

2,3-dihydroxybenzoate with caffeoyl-CoA and 4-coumaroyl-CoA as donor substrates. Enzyme 

kinetic measurements revealed the highest affinity for 4-coumaroyl-CoA as donor substrate 

and shikimate as acceptor substrate, followed by 3-hydroxyanthranilate and 2,3-

dihydroxybenzoate. For 3-hydroxyanthranilate the product formation occurs via amide linkage, 
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whereas with shikimate and 2,3-dihydroxybenzoate product formation occurs via ester 

linkage.  

AaHCT1 was successfully amplified from total RNA, ligated into several expression vectors and 

introduced into prokaryotic and eukaryotic organisms for heterologous expression. However, 

an expression of the protein of interest was not successful. AaHCT2 was successfully expressed 

in E. coli and investigations on substrate acceptance revealed an acceptance for two small 

alkanols as acceptor substrates, methanol and ethanol, with caffeoyl-CoA as donor substrates. 

AaHCT5 was successfully expressed in E. coli as verified by Western blot. However, no substrate 

accepted by this enzyme was found out of the catalogue of 55 potential substrates. The 

sequence coding for AaHCT7, although discovered in a late stage of this work, was successfully 

amplified from total RNA. An incorporation into the vector pDrive was successful as verified by 

sequencing. However, an incorporation into the expression vector pET-15b was not successful 

as it was implemented in a reverse orientation as verified by sequencing.  To date, the ester-

forming step of the rosmarinic acid pathway for Anthoceros agrestis is still unclear. Chances 

are that this step is being catalyzed by an enzyme of the BAHD acyltransferase family, as it is 

demonstrated for plants of the Lamiaceae family. However, it cannot be ruled out that this 

step might be catalyzed by an enzyme of a completely different class. Furthermore, it is 

possible that this step might be catalyzed by an enzyme exhibiting acyltransferase activity but 

lacking (or deviating from) the conserved sequences typical for BAHD acyltransferases. 

In addition to elucidating the function and role of HCTs found in A. agrestis, this work also 

delves into the exploration of electricity as a potential elicitor for the production of the 

specialized metabolite rosmarinic acid in suspension cultures of Melissa officinalis. Initial 

experiments involving electric fields demonstrated varying effects on metabolite 

accumulation, indicating the need for further optimization and investigation into the 

application of electric current as an elicitor. However, the results showed that the application 

of a chemical elicitor, methyl jasmonate, consistently outperforms electric stimulation in 

enhancing RA production, highlighting the economic practicality of methyl jasmonate as a 

preferred elicitor for specialized metabolite enhancement rather than complex setups with 

electric wiring. 
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9. Zusammenfassung  

Rosmarinsäure (RA) ist ein Naturstoff, der in Anthoceros agrestis vorkommt und im Rahmen 

dieser Arbeit untersucht wurde, wobei Mengen von bis zu 4 % des Trockengewichts festgestellt 

wurden. Der Biosyntheseweg für RA konnte für Plectranthus scutellarioides vollständig 

aufgeklärt werden, wobei L-Tyrosin und L-Phenylalanin als Vorläufer dienen. Ein wesentlicher 

Schritt in dieser Biosynthese ist die Esterverknüpfung von 4-Cumaroyl-CoA und 4-

Hydroxyphenylmilchsäure durch die Rosmarinsäure Synthase (RAS) zur Bildung von 4-

Cumaroyl-4‘-Hydroxyphenylmilchsäure, die dann weiter hydroxyliert wird, um RA zu bilden. 

Für A. agrestis wurde jedoch kein Ortholog zu RAS gefunden. Da RAS eine Acyltransferase der 

BAHD-Familie ist, wurde eine Suche nach Sequenzen durchgeführt, die konservierte Motive 

enthalten, die für BAHD-Acyltransferasen charakteristisch sind. Dabei wurden mehrere 

Sequenzen gefunden, wobei AaHCT6 am ähnlichsten zu RAS von P. scutellarioides ist. 

Untersuchungen an der heterolog exprimierten AaHCT6 zeigten jedoch, dass sie nicht die 

Reaktion von 4-Cumaroyl-CoA und 4-Hydroxyphenylmilchsäure oder 3,4-

Dihydroxyphenylmilchsäure katalysiert, wie ursprünglich vorgeschlagen. Ein Katalog von 55 

potenziellen Akzeptorsubstraten wurde auf Akzeptanz durch AaHCT6 getestet und ergab 

Akzeptanz für Shikimat, 3-Hydroxyanthranilat und 2,3-Dihydroxybenzoat mit Caffeoyl-CoA und 

4-Cumaroyl-CoA als Donorsubstraten. Enzymkinetische Messungen ergaben die höchste 

Affinität für 4-Cumaroyl-CoA als Donorsubstrat und Shikimat als Akzeptorsubstrat, gefolgt von 

3-Hydroxyanthranilat und 2,3-Dihydroxybenzoat. Für 3-Hydroxyanthranilat erfolgt die 

Produktbildung über eine Amidbindung, während bei Shikimat und 2,3-Dihydroxybenzoat die 

Produktbildung über eine Esterbindung erfolgt. 

AaHCT1 wurde erfolgreich aus Gesamt-RNA amplifiziert, in verschiedene Expressionsvektoren 

ligiert und in prokaryotische und eukaryotische Organismen zur heterologen Expression 

eingeführt. Jedoch war eine Expression des entsprechenden Proteins nicht erfolgreich. 

AaHCT2 wurde erfolgreich in E. coli exprimiert, und Untersuchungen zur Substratakzeptanz 

ergaben eine Akzeptanz für zwei kleine Alkanole als Akzeptorsubstrate, Methanol und Ethanol, 

mit Caffeoyl-CoA als Donorsubstrat. AaHCT5 wurde erfolgreich in E. coli exprimiert, wie durch 

Western Blot verifiziert wurde, jedoch wurde kein Substrat akzeptiert, das in dem Katalog von 

55 potenziellen Substraten enthalten war. Die Sequenz, die für AaHCT7 kodiert, wurde zwar in 

einem späten Stadium dieser Arbeit entdeckt, konnte jedoch erfolgreich aus Gesamt-RNA 

amplifiziert werden. Eine Integration in den Vektor pDrive war erfolgreich, wie durch 
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Sequenzierung verifiziert wurde. Eine Integration in den Expressionsvektor pET-15b war jedoch 

nicht erfolgreich, da sie in einer umgekehrten Orientierung eingebaut wurde. 

Bis heute ist der letzte Schritt des Rosmarinsäure-Biosynthesewegs in A. agrestis noch unklar. 

Es besteht die Möglichkeit, dass dieser Schritt von einem Enzym der BAHD-Acyltransferase-

Familie katalysiert wird, wie es für Pflanzen der Lamiaceae-Familie nachgewiesen wurde. Es 

kann jedoch nicht ausgeschlossen werden, dass dieser Schritt von einem Enzym einer völlig 

anderen Klasse katalysiert wird. Darüber hinaus ist es möglich, dass dieser Schritt von einem 

Enzym katalysiert wird, das Acyltransferase-Aktivität aufweist, aber die für BAHD-

Acyltransferasen typischen konservierten Sequenzen fehlen (oder davon abweichen). 

Neben der Aufklärung der Funktion und Rolle von HCTs, die in A. agrestis gefunden wurden, 

befasst sich diese Arbeit auch mit der Erforschung von Elektrizität als potenziellem Auslöser 

für die Steigerung der Produktion von Rosmarinsäure in Suspensionskulturen von Melissa 

officinalis. Erste Experimente mit elektrischen Feldern zeigten unterschiedliche Auswirkungen 

auf die Metabolitproduktion, was auf die Notwendigkeit weiterer Optimierung und 

Untersuchung der Anwendung von elektrischem Strom als Auslöser hinweist. Die Ergebnisse 

zeigten jedoch, dass die Anwendung eines chemischen Elicitors, Methyljasmonat, die 

Rosmarinsäureproduktion konsequent besser fördert als die elektrische Stimulation, was die 

wirtschaftliche Praktikabilität von Methyljasmonat für die Steigerung der Bildung von 

Naturstoffen gegenüber komplexen Aufbauten mit elektrischer Verkabelung hervorhebt. 
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Appendix 

1. Abbreviations 

 

 

 

 

 

 

 

 

 

 

Measurements and units 

bp base pair(s) UV ultra violet 

Da Dalton UV-A ultra violet A radiation  

Km Michaelis-Menten constant UV-B ultra violet B radiation  

M molar; mol/l Mbp  megabase pairs 

A ampere g gram 

µA microampere g g-force 

Hz Hertz λmaxI wavelength of first absorption maxima 

OD600 optical density at 600 nm λmaxII wavelength of second absorption maxima 

Tm melting temperature 

u units 

RPM rounds per minute 

V volt 

v/v volume/volume 

w/v weight/volumåe 

VMAX maximum velocity 

V0 initial velocity 

EC electric conductivity 

mS/cm milisiemens/centimeter 

Brix percent Brix 

mya million years ago 

Organisms 

E. coli Escherichia coli 

A. agrestis Anthoceros agrestis 

M. officinalis Melissa officinalis 

S. cerevisiae Saccharomyces cerevisiae 

P. patens Physcomitrium patens 
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Biological abbreviations 

cDNA complemantary DNA 

DNA desoxyribonucleic acid 

dNTP desoxyribonucleotide triphosphate 

gDNA genomic DNA 

mRNA messenger ribonucleic acid 

RNA ribonucleic acid 

PCR polymerase chain reaction 

HCT hydroxycinnamoyl transferase 

M-MLV RT Moloney Murine Leukemia Virus Reverse Transcriptase 

PAL phenylalanine ammonia-lyase  

C3H 4-coumaroyl-3-hydroxylase  

C4H cinnamic acid 4-hydroxylase  

4CL hydroxycinnamate:CoA ligase  

TAT tyrosine aminotransferase  

HPPR hydroxyphenylpyruvate reductase  

3-H / 3'-H 3-hydroxylase / 3'-hydroxylase 

H-units  4-hydroxyphenyl units  

G-units  guaiacyl units  

S-units syringyl units  

EST expressed sequence tag  

BAHD  BEAT - benzylalcohol O-acetyltransferase,  

AHCT - anthocyanin O-hydroxycinnamoyltransferase,  

HCBT - anthranilate N-hydroxycinnamoyl/benzoyltransferase,  

DAT - deacetylvindoline 4-O-acetyltransferase 

ASATs acyl sugar acyltransferases 

Formulas 

ℇ extinction coefficient 

d cuvette path length 

U voltage 

I current 

R resistance 
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HST hydroxycinnamoyl-CoA:shikimate hydroxycinnamoyltransferase 

HQT hydroxycinnamoyl-CoA:quinate hydroxycinnamoyltransferase  

ETI effector-triggered immunity  

PEF pulsed electric field  

MCS multiple cloning site 

lacz lactose operon 

AP alkaline phosphatase 

rRNA ribosomal RNA 

GFP green fluorescent protein 

PTMs posttranslational modifications  

 

 

 

 

 

Chemicals 

SDS sodium dodecyl sulfate  

APS ammoniumperoxodisulfate 

TEMED tetramethylethylenediamine  

TRIS tris(hydroxymethyl)aminomethane  

BCIP 5-bromo-4-chloro-3-indolyl phosphate  

NBT nitro blue tetrazolium chloride  

AcOH acetic acid 

EtOH ethanol 

Others 

HPLC high performance liquid chromatography 

DAD diode array detector 

PAGE Polyacrylamid gel electrophoresis 

LED light emitting diode 

FID flame ionisation detector 

LC/MS liquid chromatography/mass spectrometry 

m/z mass-to-charge ratio 

Amino acids 

A alanine (Ala) M methionine (Met) 

C cysteine (Cys) N asparagine (Asp) 

D aspartic acid (Asp) P proline (Pro) 

E glutamic acid (Glu) Q glutamine (Glu) 

F phenylalanine (Phe) R arginine (Arg) 

G glycine (Gly) S serine (Ser) 

H histidine (His) T threonine (Thr) 

I isoleucine (Iso) V valine (Val) 

K lysine (Lys) W tryptophan (Trp) 

L leucine (Leu) Y tyrosine (Tyr) 
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EtOAc ethyl acetate 

KPi potassium phosphate buffer 

MeOH methanol 

TCA trichloroacetic acid 

CoA coenzyme A 

DMSO dimethylsulfoxide 

IPTG isopropyl-β-D-thiogalactopyranoside 

PVDF polyvinylidene difluouride 

LB iysogeny broth 

TBS-T tris-buffered saline with tween 20 

X-Gal 5-bromo-4-chloro-3-indoxyl-β-D-galactopyranoside 

SOC super optimal broth + 20 mM glucose 

NaOH sodium hydroxide 

KCl potassium chloride 

MgSO4 magnesium sulfate 

NaCl sodium chloride 

KNO3 potassium nitrate 

NaH2PO4  sodium dihydrogen phosphate 

CaCl2  calcium chloride 

(NH4)2SO4 ammonium sulfate 

FeSO4  iron(II) sulphate 

Na2-EDTA ethylenedinitrilotetraacetic acid disodium salt dihydrate 

H3BO3 boric acid 

ZnSO4  zinc sulfate 

MnSO4  manganese(II) sulfate 

KI potassium iodide 

Na2MoO4  sodium molybdate 

CuSO4  copper(II) sulfate 

CoCl2 Cobalt(II) chloride 

HCl hydrochloric acid 

KOH potassium hydroxide 

CTAB  cetyltrimethylammoniumbromid 
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EDTA ethylenediaminetetraacetic acid 

MgCl2 magnesium chloride 

NTA nitrilotriacetic acid  

BSA bovine serum albumin 

ROS reactive oxygen species 

CO2 carbon dioxide 

RA rosmarinic acid 

OH hydroxy group 

NH2 primary amino group 

ABA abscisic acid 

MeJa methyl jasmonate 

YPDA  yeast peptone dextrose adenine 

TE buffer Tris-EDTA buffer 

SCDURA synthetic complete dextrose miniml medium 

SCGURA synthetic complete galactose miniml medium 

DTT dithiothreitol 

DIECA Diethyldithiocarbamic acid 

H2O water 

NTA nitrilotriacetic acid  

NaHCO3 sodium hydrogen carbonate 

KH2PO4 potassium dihydrogen phosphate 

K2HPO4 dipotassium hydrogen phosphate 

MOPS 3-morpholinopropane-1-sulfonic acid 

X-Gal 5-bromo-4-chloro-3-indolyl-beta-D-galactopyranoside 

2,4-D 2,4-dichlorophenoxyacetic acid  

NAA 1-naphthylacetic acid  

IAA indole-3-acetic acid  

H3PO4 Phosphoric acid 

pC-3-OH-an. 4-coumaroyl-3-hydroxyanthranilate 
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2. Primer list 

Gene target # Name Sequence TM [°C] G/C content [%] 

AaHCT1 

1 Aa1fw1 ATACTCGAGATATGAAGCGAATTCTCTTCTACCCAC 68.3 41.7 

2 Aa1rev1 ATACCATGGTCAAGGCTGCAGCAGGAAGG 69.5 55.2 

3 Aa1fwd2 AGCTCGAGATATGAAGCGAATTCTCTTCTACCCAC 61.3 44.0 

4 Aa1rev2 ATTGGTACCTCAAGGCTGCAGCAGGAAGG 61.4 60.0 

5 Aa1fwd3 AGGATCCATGCATCATCATCATCATCATATGAAGCGTATTCTGTTCTATCCG 59.3 41.7 

6 Aa1rev3 ATCTCGAGTTACGGCTGCAGCAGGAAG 58.8 57.9 

AaHCT7 

7 Aa7fwd1 ATGCATATCCTCAAGATCAAGG 56.5 40.9 

8 Aa7rev1 CTACACAGTGTAGACAATTTCC 56.5 40.9 

9 Aa7fwd2 ATACATATGCATATCCTCAAGATCAAGGTTG 59.7 40.0 

10 Aa7rev2 GGATCCTATCTACACAGTGTAGACAATTTCCTCAA 60.1 38.5 

MCS2 
(pESC-URA) 

11 MCS2fwd GCCTTATTTCTGGGGTAATTAATCAGCG 63.7 42.9 

12 MCS2rev CCTTGCTTGAGAAGGTTTTGGGAC 62.7 50.0 

 


